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Abstract

Recent research has shown that apoptosis and its regulatory mechanisms contribute to cell number regulation in acute renal failure.
Acute tubular necrosis is the most frequent form of parenchymal acute renal failure. The main causes are ischemia—reperfusion, sepsis and
nephrotoxic drugs. Exogenous factors such as nephrotoxic drugs and bacterial products, and endogenous factors such as lethal cytokines
promote tubular cell apoptosis. Such diverse stimuli engage intracellular death pathways that in some cases are stimulus-specific. We now
review the role of apoptosis in acute renal failure, the potential molecular targets of therapeutic intervention, the therapeutic weapons to
modulate the activity of these targets and the few examples of therapeutic intervention on apoptosis.

© 2003 Elsevier Inc. All rights reserved.
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1. Acute tubular injury

ARF is a syndrome characterized by an acute loss of
renal function. ARF has an incidence of 208 per million
population in Europe [1]. Acute tubular necrosis is the
most common form of ARF of renal origin. The treatment
of acute tubular necrosis is symptomatic and consists in
substitution of renal function by dialysis if renal failure is
severe. There is no established therapy to accelerate the
recovery and attempts at preventing ARF are not univer-
sally effective. Despite the reversibility of the loss of renal
function in most patients that survive, the mortality of ARF
remains high (over 50%) [1]. Acute tubular necrosis, is
characterized by tubular cell death [2,3]. In human studies
tubular cell death was the best histopathological correlate
of renal dysfunction [2,3]. The important role of tubular
cell death in the genesis of ARF is supported by the fact
that several nephrotoxins that induce ARF also promote
tubular cell death in culture [4,5]. In addition, proximal
tubular cell-specific nephrotoxins, such as cidofovir [6],
can evoke full-blown ARF that may be irreversible [7],
further supporting a central role for tubular cell death in
this syndrome. Tubular cell death in the early stages of
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acute tubular injury of different etiologies (ischemic, toxic,
septic) can proceed through apoptosis or necrosis [5,8].
However, it is often difficult to determine the mode of cell
death, because only the absence of the tubular cell is noted.
The relative contribution of the two mechanisms to the
initial tubular cell loss is uncertain, and may depend on the
severity of the insult [9,10]. The term acute tubular necro-
sis was already in use in the medical literature before the
appearance of the term apoptosis. Furthermore, it is
derived from studies of human necropsy specimens. Thus,
the term acute tubular necrosis does not indicate a role for a
specific form of cell death in the syndrome. Hence, we have
used the term acute tubular injury in the manuscript.

2. Apoptosis

Apoptosis is an active mode of cell death (cell suicide)
under molecular control [11-14]. Indeed, apoptosis is
defined by the requirement of energy for cell death to
proceed. However, the distinction between different forms
of cell death is not always clear-cut. Hence, from a ther-
apeutic point of view, we are interested in any form of
cell death that can be manipulated by maneuvers designed
to interfere with the molecular pathways that regulate
apoptosis.

Apoptosis is tightly regulated by extracellular and intra-
cellular molecules that provide multiple regulatory and
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contrarregulatory pathways. These molecules are potential
targets for therapeutic intervention. However, the design of
appropriate therapeutic strategies requires a correct under-
standing of the role of apoptosis in ARF and of the
molecular regulation of renal tubular cell apoptosis.

Tubular cell death through apoptosis is thought to play a
prominent role in the development of renal injury during
AREF. Apoptotic tubular cell death has been documented in
the course of ARF both in animal models and in clinical
kidney diseases [3,8,15,16]. In addition, changes in the
expression or activity of apoptosis regulatory factors have
been observed in cultured renal cells and in vivo kidney
disease (reviewed in [14]). Apoptosis also contributes to
tissue remodeling and recovery of normal tissue structure.
Apoptosis may represent a physiologic balance to clear
redundant cells and resolve an exaggerated compensatory
proliferative response that leads to tubular hyperplasia in
the recovery phase of acute tubular injury [8]. Apoptosis
also regulates inflammation and the immune response.

From this brief glimpse at the diverse potential roles of
apoptosis in renal injury, we can infer that both the cellular
target and the timing of the intervention on apoptosis may
have a remarkable influence on the ultimate therapeutic
consequences.

3. Overview of the molecular regulation of apoptosis

Cell death is usually a response to the cell microenvir-
onment. The absence of certain factors (survival factors) or
the presence of lethal factors promotes apoptosis. Sur-
rounding cells, soluble mediators and the extracellular
matrix regulate cell death and survival. Surrounding cells
can synthesize survival or lethal factors or compete for
such factors. A lethal cell microenvironment activates
intracellular factors that promote apoptosis.

3.1. The cell microenvironment

3.1.1. Survival factors

Most cells need survival signals from their surroundings
to remain alive. However, the survival factors vary depend-
ing on cell type and functional status. IGF-1, EGF, HB-
EGF, HGF are survival factors for tubular epithelial cells
[12]. Many survival factors have additional functions. Cell
proliferation is one of the most common. Thus, regulation
of apoptosis may collaborate to the therapeutic effect of
survival factors, but it will be difficult to dissect this from
other biological actions.

3.1.2. Lethal factors

Lethal factors that cause receptor-independent cell stress
usually kill by a mechanism involving mitochondria. Lethal
cytokines belonging to the TNF superfamily bind to and
activate cell membrane death receptors [18]. TNF and FasL
have been extensively investigated in renal cells. In the

kidney both cytokines may be synthesized by infiltrating
leukocytes and intrinsic renal cells, the main source of
intrinsic FasL being the tubular epithelial cell [19].

3.1.3. Interaction of survival and lethal factors

The cell microenvironment usually contains multiple
survival and lethal factors. The potential for interaction
between survival and lethal factors varies in a stimulus-
and cell-specific manner. For example, the absence of
survival factors predisposes renal tubular epithelial cells
to death induced by lethal cytokines and nephrotoxic drugs
[15]. Other lethal stimuli, such as HMGCoA inhibitors,
induce apoptosis in actively proliferating tubular cells [20].

3.2. Intracellular regulation of apoptosis

3.2.1. Proapoptotic Bcl2-like proteins

The Bcl2-family includes proapoptotic and anti-apopto-
tic proteins. Bcl2-like proteins containing only the BH3
domain (BH3-only proteins) are considered sensors that
facilitate the onset of the apoptosis process in response to
injury [21]. Some of them have been reported to be activated
in an stimulus-specific fashion, such as Bid in the course of
death receptor-induced apoptosis and noxa upon serum
deprivation [21]. A two-class model for BH3 domains
has been proposed: Bid-like domains that “activate” Bax
and Bak, and Bad-like domains that “sensitize” by occupy-
ing the pocket of anti-apoptotic members of the family [21].
Multidomain proapoptotic Bcl2-like proteins, such as Bax
or Bak, can induce caspase-independent cell death [22]. Bax
shuttles from its cytoplasmic location to the mitochondria
upon induction of apoptosis. Mechanisms for their pro-
apoptotic activity include: (1) binding and inhibition of Bcl2
or BelxL, and (2) inducing the opening of mitochondrial
membrane channels, thus promoting the release of mito-
chondrial apoptogenic factors into the cytoplasm.

3.2.2. Mitochondria

Mitochondria are key participants in apoptosis [23].
More recently the involvement of other organelles, such
as the ER and lysosomes, in the initial phase of apoptosis
has been emphasized [24]. Mitochondrial changes during
apoptosis include: (1) release of proteins, such as cyto-
chrome c, AIF, HtrA2, Smac/Diablo and caspases, from the
mitochondrial intermembrane space to the cytosol, where
they participate in the effector phase of apoptosis; (2)
dissipation of the mitochondrial transmembrane potential
(MMP) gradient (AY ). Both events can occur indepen-
dently of each other. In many cells, release of mitochon-
drial proteins is a caspase-independent, bax-dependent
phenomenon, while loss of MMP is caspase-dependent.

Mitochondrial injury activates several cell death path-
ways. The release of cytochrome c facilitates caspase acti-
vation, while Smac/Diablo prevents inactivation of active
caspases. The consequence is classic apoptosis. On the other
hand, AIF is a caspase-independent death effector which
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translocates to the nucleus, where it causes chromatin con-
densation and large scale DNA fragmentation.

3.2.3. Endoplasmic reticulum

ER stress can also result in apoptosis [25]. Caspase-12 is
localized to the ER and activated by ER stress, but not by
mitochondrial-targeted apoptotic signals [26]. Mice that
are deficient in caspase-12 are resistant to ER stress-
induced apoptosis [26]. However, an active form of cas-
pase-12 may be absent in humans.

3.2.4. Proteolytic enzymes: caspases

Several families of proteolytic enzymes are activated in
the course of apoptosis. Caspases are the most widely
studied apoptotic proteases. Most caspases are constitutively
expressed as inactive proenzymes (procaspases). Caspases
are sequentially activated by proteolysis during apoptosis
[27]. The main function of some caspases, such as caspase-1,
appears to be regulation of inflammation. Caspase 1 parti-
cipates in the activation of interleukins-1 and -18.

Procaspases possess considerably less activity than
mature caspases. As a result, recruitment and oligomeriza-
tion of initiator procaspases mediated by adaptor proteins, in
the death receptor complex or the apoptosome, constitutes a
basic mechanism of caspase activation by proteolysis. Cas-
pase-9 is the initiator caspase of the mitochondrial pathway
for apoptosis. It is activated after binding to the cytosolic
adaptor protein Apaf-1. Apaf-1 itself must be activated
through a conformational change that occurs in the pre-
sence of dATP when cytochrome c is released from the
mitochondria. Activated Apaf-1 molecules oligomerize
and, together with caspase-9, form a protein complex
dubbed the apoptosome. Caspases-8 and -10 are the initia-
tor caspases of death receptor-induced apoptosis. Addi-
tional pathways may exist, in which caspase-2 is the
initiator caspase leading to mitochondrial injury [28].
The complex phenotypes of the caspase knockout mice
further indicate that multiple mechanisms of caspase acti-
vation operate in parallel and that death signal transduction
pathways are both cell-type- and stimulus-specific. Initia-
tor caspases activate effector caspases (-3, -6, -7). Effector
caspases can, in turn, activate initiator caspases, providing
a positive feed-back loop. Over 40 substrates for caspases
have been identified. Caspase targets include inactivation
of protective proteins, such as BclxL and Bcl2, that may
even yield proapoptotic fragments, dismantling of struc-
tural proteins and activation of DNAses.

Other proteolytic enzymes that become activated and
participate in apoptosis include calpaine, cathepsins and
the proteasome [29].

3.2.5. Anti-apoptotic Bcl2-like proteins

Survival Bcl2-like proteins, such as Bcl2 and BclxL,
protect from cell death in which the mitochondrial pathway
for apoptosis is activated [22]. They may fail to protect from
receptor-induced apoptosis, one exception being type II

cells, in which lethal signal needs to be amplified through
the mitochondrial pathway. Proapoptotic and anti-apoptotic
members of the Bcl2 family can interact, and the overall
effect on cell survival may depend on the balance between
the activity of proapoptotic and anti-apoptotic Bcl2 proteins
[22]. The mechanisms of the protection afforded by Bcl2
family members are still been debated. Theories involving
sequestering of proapoptotic molecules, closing the mito-
chondrial transition pore and preventing the release of
mitochondrial apoptogenic factors and a role as transmem-
brane protein translocators have been proposed.

3.2.6. IAPs and others

IAPs were initially identified in baculoviruses. They are
characterized by the presence of one to three domains
known as baculoviral IAP repeats (BIR). Several BIR-
containing proteins inhibit apoptosis [30]. Some of these
proteins interact with and inhibit active caspases. Smac/
Diablo, antagonizes IAPs by displacing caspases from their
IAP binding site.

4. Regulation of apoptosis in renal tubular
epithelium

Both endogenous mediators and exogenous toxins reg-
ulate survival and death in tubular epithelium and can
contribute to cell death in ARF. Understanding the path-
ways for cell death engaged by these mediators may have
an application in the therapeutic approach both to ARF or
the chronic loss of tubular epithelium that characterizes
chronic renal disease.

4.1. Endogenous mediators

Endogenous mediators, such as survival factors and
lethal cytokine regulate renal tubular epithelial cell survi-
val. The origin of these mediators may be the intrinsic renal
cell or infiltrating leukocytes that accumulate in the course
of renal inflammation, such as that occurring during sepsis
or renal ischemia—reperfusion.

Our group has explored the molecular mechanisms of
tubular cell-induced apoptosis. Deprivation of survival
factors results in tubular cell apoptosis [15]. Deprivation
of survival factors leads to a coordinated regulation at the
mRNA level of members of the Bcl2 family [15]. The end-
result is the creation of a proapoptotic intracellular milieu
characterized by high Bax and low BclxL levels. This
milieu would be expected to favor cell death. Indeed,
serum-deprived tubular epithelial cells are more sensitive
to death induced by inflammatory mediators, such as TNF
and FasL, under these conditions [15,19]. However, they
remain resistant to TRAIL (unpublished observation). TNF
also has independent effects on the expression of apopto-
sis-related molecules that could be the basis for its delayed
cytotoxicity. TNF further decreases BclxL levels (Fig. 1).
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Fig. 1. A lethal stimulus may activate (start) several proapoptotic pathways (A). However, the cell may constitutively express anti-apoptotic factors that block
the proapoptotic pathways (B). If the lethal stimulus fails to inactivate these anti-apoptotic factors or even activates them, some or all of the activated
proapoptotic pathways may not proceed to completion. However, a single activated pathway, involving amplification by positive feed back loops, is able to

kill the cells (C).

Under basal conditions tubular cells are quite resistant to
FasL-induced apoptosis, as expected by their constitutive
expression of the cytokine [19]. However, they become
sensitized to FasL lethality upon exposure to inflammatory
cytokines [19]. TNF, INF-y and IL-1P are some of the
cytokines that increase the expression of Fas in tubular
cells and facilitate Fas-dependent cell death.

The self-defense of tubular epithelial cells against
aggression implies the release of autocrine survival factors.
Recent studies have elegantly demonstrated the need for
autocrine secretion of VEGF to protect tubular epithelium
firm cyclosporin A toxicity both in cell culture and in the
whole animal [17].

4.2. Exogenous toxins

Both bacterial products, such as bacterial LPS and
nephrotoxic drugs, such as cyclosporin A and acetamino-
phen, promote tubular epithelial cell apoptosis, and could
contribute to septic and nephrotoxic ARF. The lethal effect
of LPS appears to be mediated through cytokine induction.
LPS increases Fas expression in tubular cells and whole
kidney and, in conjunction with TNF, sensitizes to FasL-
induced apoptosis [15,16]. However, no direct toxic effect
of LPS could be observed in cultured tubular cells [16].

Cyclosporin A and acetaminophen also increase Fas
expression in tubular epithelium [31]. However, in contrast
to deprivation of survival factors or inflammatory cyto-
kines, they do not sensitize to FasL-induced death. Thus,
we have to postulate that these nephrotoxins lack a putative
effect of the inflammatory mediators on the intracellular
death signal transduction pathways form the Fas receptor.

In addition, cyclosporin A and acetaminophen decrease
the expression of BclxL [32]. Indeed, BclxL appears to
play a central role in the regulation of tubular epithelial cell
survival. Proapoptotic stimuli as diverse as deprivation of
survival factors, activation of death receptors and nephro-
toxins decrease the expression of BclxL. In addition,
enforced expression of BclxL protects form apoptosis

induced by serum deprivation, TNF or FasL and cyclosporin
A, acetaminophen or HMGCoA inhibitors [15,20,32].
In vivo, changes in BclxL expression are observed in
tubular epithelial cells in ARF [15]. Strikingly, both upre-
gulation or downregulation of BclxL were noted in indi-
vidual tubular cells. This fits with the notion that, in acute
tubular injury, some cells survive and later repopulate the
tubules. We postulate that competition for survival factors
results in the patchy expression of BclxL.

However, further differences are apparent in the intra-
cellular death pathways activated by individual nephrotox-
ins. While caspase-3 inhibitors prevent apoptosis induced
by cyclosporin A, they failed to protect tubular cells from
acetaminophen apoptosis [4,33]. The pancaspase inhibitor
zVAD prevented apoptosis in both models, but cells did not
survive in the long-term. Thus, the specific caspases that
promote apoptosis are stimulus-specific in tubular cells, and
this may have therapeutic consequences. We are currently
exploring in detail the intracellular pathways activated by
both nephrotoxins. A consistent picture is emerging. Both
cyclosporin A and acetaminophen activate caspases-3 and -
9. However, while mitochondrial injury is prominent in
cyclosporin-treated cells, endoplasmic reticulum damage
predominates in acetaminophen tubular cytotoxicity [31].

5. Targeting apoptosis

Current evidence suggests that apoptosis and its regu-
latory molecules contribute to the pathogenesis of ARF.
From a therapeutic point of view we might be interested in
prolonging parenchymal cell survival in the early phase of
acute tubular injury, without interfering with the recovery
of normal renal function.

The key to any successful therapeutic manipulation of
apoptosis lies in limiting the interference to the cell type we
want to manipulate and to a defined time period. Other-
wise, we risk unintended side effects derived from inter-
ference with physiological apoptosis taking place during
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renal healing or in the every day function of other organs.
For instance, the systemic antagonism of Fas can result in
autoimmunity in mice [34]. A theoretical risk of promoting
neoplasia can be predicted if there are no temporal limits to
antagonism of apoptosis. Mutations in apoptosis regulatory
proteins that favor cell survival are common in a variety of
neoplasias [13].

There are different theoretical approaches to achieve cell
specificity. The ideal one would be to define molecular
pathways that are activated only under pathological con-
ditions. However, there is not enough information on this
subject. Another would be a cell-specific delivery of the
drug. Gene therapy using cell-specific promoters holds
promise in this regard. Finally, if cell-specificity is not
achieved, we might choose a non-specific inhibitor of
apoptosis for a limited period of time. This limited period
of time would be chosen according to the time frame of
maximal apoptosis in the target cell population. To date,
this has been the only approach explored in experimental
kidney disease. The fact that the kidney is an excretory
organ can also be used to our advantage. Drugs that are
eliminated by the kidney and become concentrated in urine
can be used to increase the tubular cell specificity of drug
delivery. To further promote tubule cell-specific delivery
we may take advantage of the presence of specific trans-
porters in renal cells.

In cell culture experiments and in extrarenal pathology
successful approaches to modulation of apoptosis have
included cytokines, decoy receptors, neutralizing antibo-
dies, peptide inhibitors of caspases, gene transfection of
wild-type genes or dominant negative mutants and anti-
sense oligodeoxynucleotides and siRNA. Studies in renal
tubular epithelial cells have demonstrated the feasibility
and effectivity of gene transfer strategies to promote the
expression of Bcl2 or BelxL and prevent tubular epithelium
apoptosis [5,15]. Experience in human ARF is limited to
the use of the survival and growth factor IGF-1. Two
approaches that target apoptosis have been tried in animal
models. The first is to administer or antagonize cytokines
(reviewed in [14]). Given the multifunctional nature of
most cytokines, such approaches, even if successful, do not
necessarily implicate apoptosis as the mode of action. The
second involves the inhibition of proteases. However,
current inhibitors are not specific enough to warrant that
the therapeutic result is the consequence of apoptosis
inhibition, even when a decreased rate of apoptosis is
observed. Inhibition of proteases has been reported to
improve the evolution of experimental ARF. The pan
caspase inhibitor zZVAD prevented renal function impair-
ment at an early time point (24 hr) when administered at
the time of reperfusion in an ischemia—reperfusion acute
tubular injury model [35]. The drug was much less effec-
tive if administered 2 hr later. Longer follow-up studies are
needed to exclude the possibility that zZVAD is only retard-
ing cell death and favoring more injurious necrotic cell
death. Interestingly, inhibition of caspases also reduces

renal inflammation. The authors hypothesized that inhibi-
tion of tubular cell death led to decreased inflammation.
However, there is currently a controversy on the mechan-
isms of the beneficial effect of caspase inhibition. An
alternative hypothesis suggests that caspase inhibition
reduces inflammation (for example, through inhibition
of caspasae-1p production) and, secondarily, prevents
inflammatory cell-induced tubular cell injury. The relation-
ship between apoptosis and inflammation is complex.
Apoptosis of leukocytes clearly contributes to clearance
of inflammation. However, in particular contexts, inhibi-
tion of leukocyte apoptosis may accelerate recovery from
an inflammatory stimulus, as has been demonstrated in
bacterial peritonitis in mice, where neutrophils rescued
from apoptosis contribute to clearance of bacteria [36,37].
Additional information on the role of apoptosis in ARF has
been derived from mice with genetic defects in apoptosis
regulatory genes, such as fas, caspase-1, and caspase-12.
The deficit of any of these proteins protected tubular cells
from apoptosis in the course of ARF. However, renal
function was not evaluated in experiments performed in
fas-deficient mice, there are discrepancies on the effect of
caspase-1 deficiency on renal function, and caspase-12
deficiency was reported to protect from a clinically irre-
levant toxin, tunicamycin (reviewed in [14]).

6. Future research

At present there is evidence that apoptosis participates in
ARF. Stimuli that induce renal tubular cell apoptosis in
culture also induce renal injury in vivo, apoptosis has been
observed during ARF, the expression and/or activity of
apoptosis modulatory molecules changes in the course of
ARF and caspase inhibition improved renal function in at
least some experimental models of ARF. However, there is
an incomplete understanding of the molecular regulation of
apoptosis in renal cells. In particular, a thorough evaluation
of the role of newly described apoptosis regulatory mole-
cules is warranted in order to search for stimulus and cell-
specific apoptosis pathways activated in the course of renal
disease. In addition, experimental results linking interfer-
ence with apoptosis to a therapeutic effect are scarce and
not definitive. Future research should focus on the defini-
tion of the molecular targets as well as the optimal time
frame for therapeutic intervention. Special consideration
should be given to optimizing modes of local delivery of
apoptosis modulatory therapies so as to target only specific
cell populations during a limited period of time.
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