
Role of Caspases in Renal Tubular Epithelial Cell Injury

By Gur P. Kaushal

The regulation of cell death has been investigated in a number of clinical disorders including renal ischemic and
toxic acute renal failure. Caspases play a crucial role in the execution or final phase of cell death by cleaving and
inactivating various structural and functional intracellular proteins that are essential for cell survival and prolifer-
ation. Evidence is now emerging to implicate the caspase pathway in a variety of renal diseases including the
pathogenesis of acute renal failure. Among the 14 known members of the caspase family thus far identified several
executioner caspases including caspases-3, -6, and -7 and the proinflammatory caspase including caspase-1 may
participate in the final degradation of intracellular proteins. The activation of these caspases is regulated by the
receptor- and mitochondrial-mediated cell signaling pathways as well as by the endoplasmic reticulum stress
response. While the role of some caspases in renal injury is emerging, the roles of various proinflammatory and
other executioner caspases remain to be determined. Although many pro- and anti-apoptotic molecules that act
upstream of caspase activation have been identified, their regulation is yet to be determined in the pathogenesis
of renal injury. A precise description of caspase-mediated cell death pathway and regulation of caspase activation
is, therefore, critical to the understanding of the mechanism of renal injury and to the development of therapeutic
targets that prevent renal diseases and preserve renal function.
© 2003 Elsevier Inc. All rights reserved.

CONSIDERABLE EVIDENCE is now accu-
mulating to implicate apoptosis and the

caspase pathway in the pathophysiology of acute
renal failure. Caspases are a family of cell death
proteases1 that play an essential role in the execu-
tion of apoptosis.2-7 They cleave and inactivate
various structural and functional intracellular pro-
teins that are essential for cell survival and prolif-
eration. This cleavage of target proteins contributes
to the morphologic changes observed in apoptosis.
The termcaspase for the cell death proteases em-
bodies 2 distinct catalytic properties of these en-
zymes such that “c” refers to the cysteine protease
and “aspase” refers to their specific ability to
cleave after an aspartic acid. The role of caspases
in apoptosis was first recognized in 19938 when it
was discovered that the cell death gene CED3 in
Caenorhabditis elegans had sequence homology to
caspase-1, which was then called interleukin-1�
(IL-1�)-converting enzyme.8

At least 14 caspases encoded by distinct genes
have been identified to date from mammalian
cells2-4,9,10; they are divided into 2 main subfami-
lies based on sequence homology to caspase-1 and
CED 3. Caspases-8, -10, -2, and -9 have larger
prodomains and are termedinitiator caspases,
whereas caspases with smaller domains such as
caspases-3, -7, and -6, are termedexecutioner
caspases. In general the initiator caspases are re-
sponsible for the activation of downstream execu-
tioner caspases. Caspases-1, -4, -5, -11, and -13
play a role in inflammation.3,4,11 Caspase-12 is an
endoplasmic reticulum–associated protease that is
activated in response to endoplasmic reticulum

stress12 and is involved in the endoplasmic reticu-
lum stress–induced apoptosis.12,13 Overexpression
of executioner and initiator caspases in transfected
cells results in DNA fragmentation and cell death
in a variety of mammalian cell lines.11,12,14,15

Caspases share many common features such as: (1)
they are synthesized as inactive proenzymes
mostly in the cytosol of living cells. Each proen-
zyme is composed of 3 structural domains: a vari-
able prodomain, a large subunit of about 20-kd
size, and a small subunit of about 10-kd size. On
receiving an apoptotic stimulus, these domains are
cleaved proteolytically and the large and small
subunits oligomerize to form an active enzyme.2,15

(2) Most of the caspases are capable of initiating an
apoptotic response when transfected into recipient
cells.3-5,7,16(3) The caspases are inhibited by sub-
strate-specific synthetic peptide inhibitors and by
the baculovirus protein, p35,17 or by the poxvirus
serpin, CrmA.18 In cell culture, these inhibitors
suppress mammalian cell apoptosis. (4) Caspases
are very specific proteases with an absolute re-
quirement for cleavage after aspartic acid in the
target substrates. They require a tetrapeptide rec-
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ognition sequence with c-terminus aspartate for
cleavage in target proteins. (5) The active site
contains the sequence QACxG in which C is a
catalytic cysteine.2,7,9,12

At present, there are 2 relatively well-character-
ized cell death pathways that result in the activa-
tion of executioner caspases (Fig 1). One is recep-
tor mediated and the other is mitochondrial
dependent. On receiving an apoptotic stimulus, the
receptor-dependent pathway is initiated by activa-
tion of cell death receptors such as Fas/CD95/
APO1 and tumor necrosis factor (TNF)-R1. The
homophilic interactions between the conserved
death domains of the receptor and the adaptor
molecule such as FAS associated death domain
protein (FADD) or TNF receptor associated death
domain protein (TRADD) form receptor-adaptor
complexes that recruits the initiator caspase, pro-
caspase-8, resulting in the formation of a death-
inducing signaling complex. The death-inducing
signaling complex then facilitates the proteolytic
processing of procaspase-8 to its active form.
Caspase-8 in turn cleaves and activates down-
stream executioner caspases, caspases-3, -6, and

-7.19-21 Despite wide expression, Fas death signals
frequently are interrupted. A cytosolic protein,
FLIP (Fas-associated death domain like IL-1�-
converting enzyme–inhibitory proteins), which
structurally resembles caspase-8, interferes with
the activation of procaspase-8 by binding to FADD
and results in the failure to activate the down-
stream caspases.22,23 Receptor-induced cell death
and caspase-8 activation also is inhibited by the
cowpox virus protein Crm A24-26 but not by Bcl-
2.27 However, inhibition by Fas-associated death
domain–inhibitory proteins suggests their critical
role as endogenous modulators of apoptosis.22,23

The other pathway of caspase activation is mi-
tochondrial dependent and is triggered by cyto-
chrome c release from the mitochondria. In the
cytosol, cytochrome c recruits a cytosolic protein
Apaf-1, allowing Apaf-1 to bind to the nucleotide
deoxyadenosine triphosphate. The binding of de-
oxyadenosine triphosphate to the Apaf-1–cyto-
chrome c complex induces its oligomerization to
form a high molecular weight caspase-activating
complex termed the apoptosome. The apoptosome
recruits procaspase-9, which facilitates proteolytic

Fig 1. Receptor- and mitochondrial-mediated pathways of cell death and caspase activation.
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processing of procaspase-9 to its active form. Ac-
tivated caspase-9 then cleaves and activates down-
stream pro–caspase-3.28-30 An active site mutant of
caspase-9 is able to block activation of caspase-3
by caspase-9.29 Recent studies have documented
that during apoptosis other proteins including the
second mitochondrial activator of caspases (Smac)
or the direct inhibitors of apoptosis proteins (IAPs)
binding protein with low pI (Diablo), apoptosis-
inducing factor, endonuclease G, and serine pro-
tease HtrA2/Omi also are released from the mito-
chondria along with the release of cytochrome c
(Fig 1). Smac/Diablo, once released from mito-
chondria, are involved in the regulation of caspase
activation by binding to IAPs that are known to
inhibit caspases.31,32 IAPs are characterized by the
presence of one or more baculovirus IAP repeat
domains. X chromosome-encoded IAP (XIAP), an
active member of the IAP family, has been shown
to directly inhibit caspases-3, -7, and -933-35

through an interaction involving baculovirus IAP
repeat domains. Thus, Smac/Diablo promotes cell
death by binding to IAPs that liberate caspases
from IAP inhibition or by preventing IAP binding
to active caspases. Apoptosis-inducing factor, once
released from the mitochondria, induces cell death
independent of activation of caspases. In response
to an apoptotic stimulus, apoptosis-inducing factor
is translocated to the cytosol and to the nucleus
where it induces DNA fragmentation with high
molecular weight fragments compared with much
smaller DNA fragments obtained by caspase-acti-
vated deoxyribonuclease. Overexpression of anti-
apoptotic Bcl-2 family members, bcl-2 or bclxL,
blocks apoptosis-induced mitochondrial release of
cytochrome c,36-38 Smac/Diablo,39,40 and apopto-
sis-inducing factor.41,42 Thus, Bcl-2 is an important
gatekeeper of mitochondria that plays an effective
role in controlling the release of important pro-
apoptotic molecules from the mitochondria.

IN VITRO EVIDENCE OF CASPASE
ACTIVATION IN CYTOTOXICITY

In studies in vitro, caspases are involved in
hypoxic43,44 injury to renal tubular epithelial cells.
Antimycin A–induced chemical hypoxia43 or
growth under hypoxic conditions results in in-
creased caspase activity and pancaspase inhibition
prevents hypoxia-induced DNA fragmentation and
cell death in renal tubular epithelial cells. Partial
adenosine triphosphate depletion of MDCK cells

by antimycin A also was shown to result in apo-
ptosis with marked increase in activation of
caspase-8 and inhibition of caspases provided
marked protection against antimycin A–induced
cell death.45 Exposure of freshly isolated renal
tubular epithelial cells to hypoxia resulted in
caspase activation and cell membrane damage.44 In
a related study, activation of caspase-3 during hyp-
oxia or adenosine triphosphate depletion was ac-
companied by Bax translocation and cytochrome c
release.46 Thus, these studies in in vitro models of
ischemic injury suggest that caspases may play
important roles in ischemic acute renal failure. As
in ischemia, nephrotoxic agents such as cisplatin
also activate the caspase cascade as well. Cisplatin-
induced cell death in renal tubular epithelial cells is
accompanied by the activation of caspase-3.47-49

Recent studies in renal tubular epithelial cells
showed that cisplatin induced selective and differ-
ential activation of caspases including executioner
caspase-3 and initiator caspases-8, -9, and -2, but
not proinflammatory caspase-1.50 The transloca-
tion of Bax to the mitochondria and release of
cytochrome c from the mitochondria to the cytosol
further support the activation of caspase-9.51 Cis-
platin-induced activation of caspase-8 also has
been reported in freshly isolated proximal tubular
epithelial cells.52 The activation of cisplatin-in-
duced caspases was markedly inhibited by their
respective peptide inhibitors, suggesting that these
caspases may play an important role in cisplatin-
induced injury to renal tubular epithelial cells.
DEVD-CHO or LEHD-CHO, inhibitors of
caspases-3 and -9, respectively, provided partial
protection against cisplatin-induced cell death and
DNA damage in LLC-PK1 cells,50 indicating
mechanisms other than caspase activation also are
involved in cisplatin-induced cell death. Overex-
pression of crmA, a cowpox viral gene known to
inhibit caspase-8, also provided protection against
cisplatin-induced apoptosis in mouse proximal tu-
bular cells.48 In fact, cisplatin induced increased
expression of TNF-� and Fas,52 which typically is
associated with caspase-8 activation, and was ca-
pable of inducing apoptosis in renal epithelial cells.
Thus, cisplatin-induced activation of caspases-8
and -9 in renal proximal tubules indicated that both
receptor and mitochondrial signaling pathways
participate in the activation process. In a recent
study, p53 inhibition was shown to partially protect
cisplatin-induced cell death,53 indicating that p53
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may also be involved in cisplatin-induced activa-
tion of caspases in renal tubular epithelial cells.

CASPASES IN KIDNEY AND IN VIVO
EVIDENCE OF CASPASE ACTIVATION IN

CYTOTOXICITY

Most of the members of the caspase family are
expressed in the kidney.54,55 However, there are
limited studies on the localization of caspases in
the kidney. Caspases-3 and -6 are localized pre-
dominantly in renal tubular epithelium55,56 and
caspases-1 and -2 were localized within murine
fetal kidney. The precise localization of the various
caspases in different segments of the kidney is not
yet known.

Rat kidneys subjected to ischemia-reperfusion
injury revealed differential expression of caspases
with marked increase in caspase-1 and -3 messen-
ger RNA (mRNA) and proteins during the early
period (4-16 h after ischemia) of reperfusion in-
jury. A transient increase in caspase-2 mRNA and
protein has been observed during ischemia and the
early period of reperfusion. Only minimal changes
in caspase-6 mRNA expression have been ob-
served during the ischemia or reperfusion period.54

The proforms of caspase-1 and -3 proteins were
cleaved to their active forms during reperfusion
injury, indicating activation of these enzymes.54 A
significant increase in caspase-1 and -3 activities
were reported in a murine model of renal ischemia-
reperfusion injury.57 The administration of a pan-
caspase inhibitor, Z-VAD-FMK, at the time of
reperfusion significantly prevented caspase-1 and
-3 activities, and provided marked protection not
only against reperfusion-induced DNA damage (as
determined by TUNEL assay), and subsequent in-
flammation, but also ischemic acute renal failure.57

These results in renal ischemic injury seem con-
sistent with the study performed on ischemic injury
to gerbil forebrain58 and rat brain.59 A study on
global forebrain ischemia reported increased
mRNA and protein expression of caspase-1 at 48
hours after ischemia in gerbils.60 Increased induc-
tion of caspase-3 mRNA at 16 hours through 24
hours after ischemic injury also has been reported
in rat brain after permanent occlusion of the middle
cerebral artery.59

The specific role of proinflammatory caspase-1
recently has been examined in ischemic acute renal
failure. Caspase-1 is involved in the proteolytic
cleavage of the precursor forms of proinflammatory

cytokines IL-1� and IL-18 that result in the formation
of active forms of mature cytokines.61,62 Because
caspase-1–mediated formation of active IL-1�61 and
IL-1862 are associated with inflammatory response in
renal ischemia-reperfusion, caspase-1 may play an
important role in ischemia-reperfusion injury. Thus
far, 2 studies have investigated the role of caspase-1
in ischemia-reperfusion injury using caspase-1
(�/�) mice but the results remain somewhat incon-
sistent. One study reported that caspase-1 (�/�)
mice afforded significant protection against ischemia-
reperfusion as reflected by renal function and renal
histology,63 whereas the other study showed that
caspase-1 (�/�) mice did not provide protection
against ischemia-reperfusion as revealed by renal
function with no change in blood urea nitrogen and
serum creatinine levels.64 However, a recent study
showed that caspase inhibitor Quinoline-Val-
Asp(Ome)-CH2-OPH (OPH-001) markedly de-
creased ischemia-reperfusion–induced caspase-1 ac-
tivity and IL-18 protein, prevented neutrophil infil-
tration, and attenuated acute tubular necrosis (ATN)
as reflected in marked reduction in blood urea nitro-
gen and creatinine levels.65 Although this inhibitor
blocked caspase-1 activity, the specificity of this in-
hibitor toward other caspases in this study is not
precisely known. These studies further explored the
role of neutrophil infiltration in increased IL-18 pro-
duction in ATN using neutrophil-depleted mice.
Caspase-1 and IL-18 proteins in neutrophil-depleted
mice were increased significantly and neutralizing
antibody to IL-18 provided significant protection
against ATN as reflected by a 75% reduction in
serum creatinine level and a significant reduction in
the ATN score compared with control. Although
these studies suggest a neutrophil-independent mech-
anism of IL-18–mediated ischemic acute renal fail-
ure,65 more studies are required to show the definitive
contribution of caspase-dependent and caspase-inde-
pendent formation of inflammatory products for the
induction of inflammation and apoptosis in ischemic
acute renal failure. Caspase-3 activation during isch-
emia-reperfusion injury also may be involved in the
down-regulation of calpastatin, an inhibitor of cal-
pain,66 indicating a role of caspases for calpain acti-
vation during renal injury.

REGULATION OF CASPASE ACTIVATION IN
RENAL TUBULAR INJURY

There is little information on the mechanisms
underlying the activation of caspases in renal in-
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jury. The death receptor–mediated pathway that
activates caspase-8 and subsequently executioner
caspases may play a vital role in renal tubular cell
death in ischemia reperfusion,67 cisplatin-induced
nephrotoxicity,52 and chronic renal failure.68 Renal
tubular epithelial cell apoptosis was decreased sig-
nificantly when lpr/lpr C57BL/6 mice that express
low levels of Fas were subjected to in ischemia-
reperfusion injury67 or cisplatin nephrotoxicity.52

Similar to Fas- FasL, the TNF-�–mediated death
receptor pathway may play a vital role in acute
renal ischemic,69,70 cisplatin,71 and endotoxemic72

injury as well. Inhibition of TNF-� action, either
with a TNF binding protein69 or neutralizing anti-
bodies,70 reduced ischemic injury in rats. Increased
expression of Fas-FasL and TNF-R1, their associ-
ated adaptor molecules, and caspase-8 was ob-
served in chronic obstructive nephropathy, sug-
gesting that receptor-mediated pathway may play a
role in this injury.73 Thus, these studies suggest the
role of activation of caspase-8 is associated with a
death receptor–mediated pathway in tubular cell
apoptosis.

The mitochondrial-dependent pathway that in-
volves the release of cytochrome c and Smac/
Diablo regulates the activation of caspase-9 and,
subsequently, caspase-3. This signaling pathway is
regulated by the members of the Bcl-2 family. The
cell survival protein Bcl-2 has multiple anti-apop-
totic effects including inhibition of the release of
cytochrome c27,28,38 and Smac/Diablo39,40 from the
mitochondria as well as binding to Apaf1 and
preventing activation of caspase 9. In ischemia-
reperfusion injury to the kidney the expression of
both anti-apoptotic Bcl-2 and proapoptotic Bax has
been reported.74,75 Because pro- and anti-apoptotic
members of the Bcl-2 family heterodimerize with
each other, the relative concentration of the pro-
apoptotic and pro-survival members may act as a
rheostat for cell death.76

In some cells (type 1), the receptor-mediated
pathway is linked to the mitochondrial-dependent
caspase activation and cell death. These cells pro-
duce a high level of active caspase-8 that cleaves
Bid, a member of the Bcl-2 family. The truncated
Bid translocates from the cytosol to the mitochon-
dria and induces the release of cytochrome c77,78

and subsequent activation of caspase-9. However,
the interaction between the receptor-mediated and
the mitochondrial-dependent pathways has yet to
be determined in renal injury.

SUMMARY

Recent studies have documented that apopto-
sis and the caspase pathway play a vital role in
the pathophysiology of acute renal failure. The
role of caspases has been investigated in both in
vitro and in vivo models of acute renal failure
using broad-spectrum caspase inhibitors. Although
caspases inhibitors have provided some success in
ameliorating experimental ischemic acute renal
failure, the precise identity of the caspases tar-
geted by these inhibitors is not known. It is not
known if broad-spectrum inhibitors of caspases
are effective in other models of acute renal fail-
ure. Thus, more studies using more specific
inhibitors are required to investigate their effect
in different models of acute renal failure. Among
the 14 known members of the caspases,
caspases-3, -6, and -7 are the executioner
caspases that are the major active caspases de-
tected in apoptotic cells and are widely regarded
to mediate the execution of apoptosis by cleaving
and inactivating intracellular proteins that are es-
sential for cell survival and proliferation. Future
studies are needed to understand not only the pre-
cise identity of caspases involved but also their
specific downstream substrates cleaved in acute
renal failure. In addition, the proinflammatory
caspases such as caspases-1, -4, and -5 may par-
ticipate in the inflammatory processes in renal in-
jury. Although studies have begun to examine the
role of caspase-1, it is not known whether both
inflammatory and executioner caspases together
play a role in renal injury. Caspase knockout mice
for the executioner and the inflammatory
caspases will provide useful information
whether these caspases play a role in renal tu-
bular epithelial cell injury. At present, the mo-
lecular mechanisms that trigger caspase activa-
tion in renal injury are not precisely known.
Also, there is little information on the pro- and
anti-apoptotic molecules as well as the upstream
signals that may regulate caspase activation in kid-
ney in response to injury. Thus, future studies will
address precise identification of caspases and the
mechanisms involved in the regulation of their
activation in renal tubular epithelial cell injury.
This information is critical to the understanding of
the mechanism of renal injury and to the develop-
ment of specific therapeutic targets that prevent
renal diseases.
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