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CHAPTER 1

Apoptosis and inflammation in renal reperfusion injury
(general introduction)

Marc A.R.C. Daemen, Wim A. Buurtnan



Chapter I

INTRODUCTION

Organ injury following ischemia is the result of a complex sequelae of events. Central
organ systems including the brain, heart, gut, and kidney are particularly sensitive to
ischemic injury, which underlies many clinical diseases. A majority of cardiovascular
and ccrchrovascular problems are associated with ischemic tissue damage, including
myocardial infarction, thrombosis and embolism, angina pectoris, stroke, peripheral vas-
cular disease, cardiac and vascular surgery and cerebral trauma. Ischemia followed by
rcperfusion (I/R) has additional cardinal implications in the pathogenesis of trauma, sep-
tic and hemorrhagic shock, necroti/ing enterocolitis, inflammatory bowel disease as well
as organ transplantation and rejection. The early reperfusion phase in most of these clin-
ical conditions is characterized by (often partially reversible) dysfunction of the ischemic
organ and general signs of inflammation such as fever, which reflects an inflammatory
process at the level of the injured organ.

Various aspects of I/R injury have been revealed by clinical studies. For instance, Bittar
et al. in 1975 demonstrated the presence of necrosis, glycogen loss and mitochondrial
damage in cardiac tissue that was successfully revascularized by coronary artery bypass
graft surgery (1). This suggested that the sequence of ischemia followed by reperfusion
diets a response resulting in organ damage considerably in excess of that induced by
ischemia alone. Thrombolytic therapy for treatment of acute myocardial infarction was
shown to be associated with optimal survival and clinical outcome only if the ischemic
period was limited and complete reperfusion was induced (2). Moreover, studies in the
field of clinical transplantation revealed that prolonged exposure of donor kidneys to
warm ischemia prior to organ procurement increased the incidence of delayed function
upon transplantation (3, 4).

Despite significant progress based on clinical studies, crucial mechanistic aspects of
I/R pathophysiology and innovative concepts for its treatment have arisen from a long-
standing tradition of experimental work employing animal models. Already in 1881
litten described the pathological changes that kidneys of rabbits and dogs undergo when
subjected to 1/R (5). In this well performed study it is demonstrated that the mode of cell
death induced by ischemia alone significantly differs from cell death after ischemia fol-
lowed by reperfusion. The latter is characterized, among others, by tubular dilatation,
development of fibrin depositions and formation of intraluminal debris and necrotic
casts. Interestingly, this study additionally outlines a form of I R-induced cell death that
is morphologically reminiscent of what could be defined as a consequence of apoptosis
almost a century later: "H7//7i> /w w/o.v/ <>/'//K'.W iy>/7/n7/Y// ct7/.v //?e ////c/i'i/.v /;</</
/><'<//•(•</. </<//</CYH/ i'/>/7/»t7/Yi/ ti7/.v COM/<JI>W'</ w>/ om* m«7i'«.v. />/// .V»KJ//IV /n/c/tv/r

/Mt7»/.v //»<// .s7<j/w</H"i7/ U77/JI'<>/W»M)M/I*<7IN/</MI\V". Israel in 1891 showed that 1 R-induced

renal injury is accompanied by edema formation, inflammation, detachment of tubuli
from their basement membranes and a distinct form of cell shrinkage that affects tubular
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Introduction

epithelium (6) (Figure I). Later it was established that renal I R additionally induces
impairment of renal function (7), morphological alterations in tubular mitochondria and
a decrease in cortical pH (8). More recently in 1981. based on studies employing a model
of feline intestinal I/R. Granger et al. reported the involvement of oxygen free radicals
(OFR) (9), which were later implicated in the induction of reperfusion-induccd inflam-
mation and apoptosis. In this context, there has been persistent interest in the role ol the
energy metabolism adenylate homeostasis (10) since dephosphorylation of purine com-
pounds due to ischemia has been shown to induce OFR generation upon reperfusion ( I I ) .
Moreover, vasoconstrictive or anti-inflammatory properties of the purine metabolite
adenosine may co-determine the outcome of an ischemic insult (12.1.1) Finally, integri-
ty of the energy metabolism is a prerequisite for repair as well as activation of distinct
apoptotic pathways (14).

Figure 1. Israel in 1891 showed that l/R-induccd renal injury in rabbits is accompanied by
edema formation, inflammation, detachment of tubuli from their basement membranes and a
distinct form of cell shrinkage that affects tubular epithelium (upper panel). The latter would
now be considered characteristic for the apoptotic phenotype. Morphological changes were
absent in control sections (lower panel). Lithographs reprinted from O. Israel. Virchows
Archives 123, 1891.
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Chapter I

The deleterious role of the inflammatory response in 1/R-induced organ damage was sug-
gested in 1983 by Romson et a! who reported that dogs subjected to myocardial I/R and
treated with neutrophil antiserum developed smaller infarcts as compared to non-treated
controls (15). Subsequent studies showed that I/R enhanced local expression of adhesion
molecules and other pro-inflammatory mediators were involved in the initiation of neu-
trophil chemotaxis and further development of inflammation in the reperfused organ (16,
17). In 1992 Schumer et al. in a rat model of renal I/R, studied the mode of cell death that
was a consequence of reperfusion (18). They for the first time demonstrated apoptosis as
opposed to the widespread necrotic form of cell death discernable after prolonged
ischemia without reperfusion. These insights in the role of histopathological alterations,
OFR formation, inflammation and apoptosis in I/R pathophysiology lead to successful
application of new therapies in various animal models (16, 19, 20). Unfortunately how-
ever, the latter advances appeared only sufficient to permit very limited therapeutic test-
ing and application in a clinical setting (21, 22).

Recent scientific progress with experimental models has contributed to recognition of
a functional role for apoptosis, inflammation and the interplay between apoptosis and
inflammation after I/R. It also lead to the discovery of new mediators that are potential-
ly involved in clinical 1/R injury. These findings shed new light on issues in I/R patho-
physiology that thus far remained unresolved and put forth important opportunities to
effectively treat clinical manifestations of I/R injury. Moreover, new diagnostic possibil-
ities emerge from these advances. For instance, apoptotic alterations induced by ischemia
may be employed to predict the amount of reperfusion damage upon clinical transplan-
tation of organs subjected to prolonged periods of ischemia, so-called non-heart-beating
(NUB) donors (3). This justifies the present chapter in which these proceedings will be
debated against the background of the literature. Although many aspects of I/R are sim-
ilar in various organ systems, we will mainly focus on renal I/R injury keeping in mind
that acute renal failure (ARF) is associated with an unacceptably high mortality, affects
around 5% of hospitalized patients and has been reported to develop as a consequence of
1/R injury in 50% of cases (23). Our objective is to critically assess aspects of apoptosis
and inflammation in terms of their involvement in the pathogenesis of renal I/R injury.
Moreover, the implications of recent experimental advances for treatment of renal 1/R
injury in clinical practice will be discussed.

APOPTOSIS AND ITS INVOLVEMENT IN RENAL REPERFUSION INJURY

From a physiological point of view, the form of altruistic cell suicide that becomes man-
ifest as the apoptotic phenotype, is an ingenious solution for removal of damaged and
expended cells. An adequate stimulus can activate the machinery of individual cells in
order to become apoptotic. From a classical point of view, such a cell will undergo mor-
phological and biochemical changes and will ultimately be phagocytized by
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macrophages or adjacent cells without any evident inflammatory reaction. Apoptosis is
abundant and essential for maintaining homeostasis in many physiological processes
involving cell renewal including embryonic morphogenesis and hematopoesis. Apoptosis
is also involved in various disease states, ranging from pathogenic infections, neurode-
generative syndromes to cancer.

Since the term apoptosis was first referred to in relation with renal I R (18), it has been
implicated as an eminent symptom of I R-induced organ damage However, recent
insights in the biochemistry of apoptosis redefine its involvement in I R injury towards a
central and functional role in the development of organ damage In particular the ambiva-
lent involvement of caspases in the execution of apoptosis on one hand and on the other
hand the requirement of caspases for activation of pro-inflammatory mediators, may have
functional implications for apoptosis in the pathophysiology of I R injury, hirst, the more
general aspects of apoptosis in renal I R injury wil l be discussed.

MORPHOLOGICAL AND BIOCHEMICAL ASPECTS OF APOPTOSIS VERSUS NECROSIS

Renal tubular apoptosis is an established attribute of I/R injury in the kidney (24). Under
apoptotic conditions a cell actively participates in its own demise. This has been
described in isolated cells without the involvement of adjacent cells (25). Also, suscepti-
bility to apoptosis as well as the apoptotic phenotype may differ among cell types. The
intracellular biochemical cascade of apoptosis, among others, involves proteolytic
(auto)activation of enzymes termed caspases (26). During apoptosis different activated
caspases target various functional and structural intracellular proteins. This wil l ulti-
mately result in cellular disassembly and the more or less characteristic morphological
appearance of apoptotic cells (Figure 2).

First, cytoskeletal architecture is modified by proteolysis of substrates involved in reg-
ulation of cytoskeleton assembly such as fodrin, gelsolin and actin (27, 2X) Related
plasma membrane associated events include changes in membrane potential and expres-
sion of cell surface markers that facilitate phagocytic ingestion (29). These cell surface
markers, including phosphatidylserine (PS) and phosphatidylethanolaminc (PE) have
been successfully employed in techniques aimed at identifying apoptotic cells ;« v//w
and iw v/vo (30, 31). However, since necrosis can also induce cell surface expression of
PS and PE the specificity of PS and PE externalization as a measure of apoptosis is still
under debate (32. 33). In some cell types, the apoptotic response is associated with cyto-
plasmatic acidification and an increase in intracellular calcium. Apoptosis has been clas-
sically defined based on the ensuing characteristic changes in appearance, which include
cell shrinkage, dense condensation of nuclear chromatin. nuclear fragmentation, dissolu-
tion of the nuclear membrane as well as plasma membrane blebbing (34, 35). During the
final stages of apoptosis. the cytoplasmatic blebs wil l disengage to form membrane-
bound cell remnants, or "apoptotic bodies". Under physiological conditions apoptotic
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Chapter I

bodies have been reported to be phagocytized without provoking an immune response. It
has even been reported that apoptotic cells can actively suppress development of inflam-
mation (36). However, recent experimental evidence indicates that under certain condi-
tions such as during renal I/R injury (37), development (38) as well as other experimen-
tal conditions (39, 40) apoptotic cells can instigate inflammation.

Inflammation No inflammation

t t

Figure 2. Paradigmatic view on stages of apoptosis and necrosis. Epithelial or endothclial cells
(a) exposed to abrupt metabolic failure will undergo necrosis. In these cells, swelling of cyto-
plasmatic organelles and chromatine clumping will take place (b). Subsequently, cells will start
to swell and cytoplasmatic blebs may appear (c). Finally, cells will disintegrate and will release
intracytoplasmatic content (d) to induce an inflammatory response. Cells undergoing apoptosis
initially exhibit condensed nuclear chromatin (often collapsed against the nuclear membrane),
will start to shrink and will externalize phosphaditylserinc (ps)(e). During the final stages,
membrane blebbing takes place (f) and "apoptotic bodies" will form that are classically ingest-
ed without provoking an inflammatory response (g).

In contrast to apoptosis. necrosis is believed to mainly represent a passive consequence
of gross injury to the cell and is associated with abrupt metabolic failure (Figure 2). The
cellular biochemistry as well as morphological and physiological consequences of necro-
sis are also considered to be different from apoptosis. Various central steps in the apop-
totic pathway essentially require ATP, including translocation of activated caspases to the
nucleus (14) and Apaf-1/cytochrome-c induced caspase-9 activation (41). Enzymatic
activation of caspases or as well as caspase substrates called "calpains" may also be func-
tionally involved in necrosis. To this end. Edelstein et al. have demonstrated that hypox-
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ia-induced necrosis of rat renal proximal tubules can be prevented by caspase inhibition
(42). However, necrosis but not apoptosis has been shown to occur under various rigorous
ATP-depleted conditions (43. 44). Characteristic for necrosis is early swelling ol cyto-
plasmatic organelles and chromatine clumping (Figure 2). On the surface of necrotic cells
blebs may appear as well, but under these conditions membrane discontinuities rapidly
develop causing water influx and ion redistribution. In turn, necrotic cells become
hydrated and will start to swell and disintegrate. Release of intracellular proteolylic
enzymes and other cytosolic material consequently are believed to induce an mllamma-
tory response.

Recently intermediate types of cell death, ehimerically termed "aponecrosis" and
"oncosis" have been introduced (44, 45). This attempts to relied that apoptosis ami
necrosis represent only two extremes of a continuum of intermediate forms of cell
demise. For instance, oncosis is characterized by cytoplasmatic hlchbmg. dilatation ol the
cndoplasmic reticulum. swelling of the cytosol. presence of normal or condensed mito-
chondria, and chromatin clumping in the nucleus (45). Whether the introduction of new
nomenclature either clarifies the perception of cell death or merely adds to the confusion
remains to be seen.

DIFFICULTIES IN DISCRIMINATING APOPTOSIS FROM NECROSIS

The morphological and biochemical features that distinguish apoptosis from necrosis
seem distinct and well defined. However, in practice and from a functional point of
view, both forms of cell death may be indistinguishable. For instance, it is thus far not
known whether the apoptotic process and the necrotic process can elapse simultaneous-
ly and whether extrapolation of conclusions achieved under controlled//; »•///•« conditions
(simple systems) to /« v/v« conditions (complex systems) is appropriate (46). These con-
siderations imply that techniques to discriminate apoptosis from necrosis, in particular
under /« v/Vo conditions, seldom yield conclusive results. Nevertheless, due to a lack of
better alternatives such techniques are widely used.

Since caspases are considered to be the central enzymatic executioners of most forms
of apoptotic cell death (as will be discussed below), caspase activation has been
employed as a characteristic feature indicative of apoptosis. /nv/Vo activation of various
caspases has been demonstrated with specific fluorogenic substrates and with
immunoblot methods. However, caspase activation has been associated with necrosis and
inflammation under non-injurious conditions as well (38,42). Similarly, PS translocation
to the outer layer of the plasma membrane typical for an apoptotic cell (47) has been
shown to also occur in necrotic cells (32, 33). In addition, internucleosomal DNA cleav-
age has been reported to occur during necrosis indistinguishable from that seen during
apoptosis (48, 49). Moreover, both apoptosis and necrosis can elict immune responses
during which secondary mediators such as TNF-a induce additional apoptosis as well as
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necrosis (50). Finally, it has to be taken into account that the nature of changes conferred
by either necrosis or apoptosis varies extensively between types of cells and initiating
stimuli.

Taken together, these considerations illustrate that both forms of cell death may be
present at the same time, may exhibit overlap with respect to appearance and conse-
quences and may mutually interact. It has even been proposed to expand the concept of
cell death beyond manifestation of either necrosis or apoptosis to a wider phenomeno-
logical spectrum that is not limited by theoretical definitions (51). Hence, when studying
phenomena such as I R injury, rather than to create paradigmatical distinctions, the intri-
cate relationship between apoptosis and necrosis and its consequences should be careful-
ly taken into account. As suggested by Hengartner in a recent review on caspase bio-
chemistry, ideally, our final classification will be determined not by morphology, but by
which molecular pathways are activated in the dying cell (52).

INDUCTION AND EXECUTION OF APOPTOSIS AFTER RENAL 1/R

To date, two pathways of apoptosis induction have been identified and both are impli-
cated in l/R-induced apoptosis: Death-receptor dependent and death-receptor independent
apoptosis (35). Considering the relative contribution of various pro-apoptotic stimuli, it
is important to keep in mind the timelrame in which apoptosis and inflammation occur
during reperfusion. For instance, the execution of apoptosis as a result of OFR liberation
or ATP depletion is most likely initiated directly upon reperfusion as OFR are liberated
and ATP is repleted. Conversely, release of pro-apoptotic factors that contribute to I/R-
induced apoptosis such as TNF-a and Fas-ligand can be observed at the time of devel-
opment of inflammation, which ranges from several hours to days after ischemia (50. 53).
Hence, various mechanisms contribute to I/R-induced apoptosis at different time points
after the initial ischemic insult and early primary apoptosis may be caused by mecha-
nisms that potentially differ from those responsible for delayed secondary apoptosis.

DRATH-RECEPTOR MEDIATED APOPTOSIS

The first pathway is mediated by ligation of so-called "death-receptors". This well-
described extrinsic pathway allows apoptosis to be initiated by extracellular factors,
including TNF-o. the TNF-a-Related Apoptosis Inducing Ligand (TRAIL) and Fas-lig-
and. that can bind to the 55 kDa TNF-receptor. the TRAIL-receptors and Fas. respec-
tively (Figure 3). After aggregation of death-receptors with their ligands. receptor
oligomeri/ation is achieved and the intracellular portions of death-receptors self-associ-
ate to form a death-domain (DD). From the cytoplasma. the receptor-coupled DD will
recruit an adapter protein called FADD (Fas-associated death domain) or TRADD (TNF-
receptor-associated death domain), which both contain a so-called "death effector
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domain" (DKD(. Through the DEI), which is also present on the pro-enzyme of caspase-
8/FLICE, pro-caspase-8 accumulates to form a death-induced signaling complex (DISC).
In the DISC* the accumulated caspase-8 polypeptides can activate each other, resulting in
liberation of active caspase-8, which in turn can activate downstream effector caspases
such as caspase-3.

TNh-o'FAS-ligand

hADDTRADI)

DISC

£ S

Apoptosis Inhibition of Apoptosis

Figure 3. Schematic representation of death-rcccptor dependent or extrinsic apoptosis. The
trimeric 55 kDa TNF receptor or Fas-receptor binds 1 Nl'-a or Fas-ligand. which will induce
recruitment of the FAD/TRAD adapter protein to the receptor through mutual binding of the
"death domain" (DD). Next, pro-caspase-8 will be recruited to FAD/TRAD by the "dcath-cffcc-
tor domain" (DF.D) to form the "death-inducing signaling complex" (DISC) Multiple recruit-
ed pro-caspasc-8 molecules will then auto-activate each other, which will lead to liberation of
active caspase-8 and apoptosis. In the presence of high levels of cFLIP. pro-caspasc-K recruit-
ment to FAD/TRAD is prevented by cFLIP. Therefore, in this case, caspasc-8 activation will
not take place and transition to the apoptotic phenotype is aborted.

Death-receptor ligation also activates pathways through phosphorylation of. among oth-
ers, mitogen-activated protein kinase (MAPK) and c-Jun NH(2)-terminaI kinase (JNK),
by either caspase-dependent or -independent mechanisms (54). Furthermore, phosphory-
lation of I-icß, leading to activation of NF-Kß takes place. Consequently, autocrine pro-
duction of death-ligands will promote the spread of death-receptor dependent apoptosis
to adjacent cells. On the other hand, an anti-apoptotic role for activated NF-tcß has
recently been suggested (55, 56). Thus, an intricate network of phosphorylation-based
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signaling serves as a potent modifier of death-receptor responses.
The involvement of Fas in I/R-induced renal tubular apoptosis was elegantly demon-

strated by Nogae et al. who showed marked intrarenal Fas up-regulation after 30 min of
renal ischemia followed by 24 h of reperfusion in a murine model (53). This study addi-
tionally revealed that the extent of 1/R-induced tubular apoptosis is significantly
decreased after 24 h of reperfusion in //>r///>r B6 mice, which express only low levels of
Fas. TNF-tt is also considered to be centrally involved in the development of I/R-induced
inflammation (57). TNF-« produced by mesangial cells and even tubular epithelial cells
in response to I/R has been demonstrated to contribute to functional renal damage by
among others liberating OFR, reducing glomerular blood flow and causing fibrin depo-
sitions. In addition, since anti-TNF-a antibodies were shown to attenuate apoptosis after
ischemia followed by 24 h of reperfusion in a murine model of renal I/R, TNF-a is also
implicated as an initiator of I/R-induced apoptosis (50) (Chapter 2). TRAIL has not been
associated with I/R yet.

Another aspect of death-receptor mediated apoptosis is the role of the constitutively pres-
ent cytoplasmatic protein cellular FLICH inhibitory protein (cFLIP). Like pro-caspase-8,
this anti-apoptotic protein contains a I)I-!I). However, cFLIP lacks essential residues nec-
essary to become proteolytically activated, which defines it as a constitutive competitive
inhibitor of caspase-8 activation. It was recently shown that cFLIP is depleted from car-
diac tissue arter 3 h of reperfusion (58). Data from our laboratory show a similar cFLIP
depletion in renal tissue during ischemia and after 2 h of reperfusion (Chapter 9).
Considering the endogenous anti-apoptotic role of cFLIP, this suggests increased vulner-
ability of cells to Fas-ligand and TNF-<x mediated apoptosis following I/R. Fas-ligand
mediated apoptosis and renal Fas mRNA up-regulation have been demonstrated in a
model of renal I/R at 24 h of reperfusion (53). Similarly, TNF-a mediated apoptosis and
peak renal TNF-u mRNA levels were seen at 24 h of reperfusion, but not during the first
few hours of reperfusion (50). This delay in onset of death-receptor mediated apoptosis
most likely occurs because antecedent </e wovo synthesis of death-ligands is required.
Taken together, the evident participation of Fas-ligand and TNF-a suggest that death-
receptor mediated apoptosis is an important contributor to I/R-induced apoptotic cell
death in a later phase of reperfusion. Moreover, I/R-induced cFLIP depletion, which has
been demonstrated in heart and kidneys during ischemia and during the first few hours
of reperfusion, respectively, may facilitate death-receptor mediated apoptosis in an
advanced phase of reperfusion. Which specific events trigger accumulation, expression
or release of Fas-ligand and TNF-a or depletion of cFLIP as a consequence of I/R,
remains to be established.
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DEATH-RECEPTOR INDEPENDENT APOPTOSIS

The second pathway allows apoptosis to be initiated by factors that can access the cytosol
and is essentially independent from death-receptor signaling (Figure 4). This intrinsic
pathway involves release of mitochondrial cytochrome-c followed by activation of ini-
tiator caspase-9 (59). Also, a protein termed Apoptosis Inducing Factor (A l l ) may be
released from mitochondria to directly activate effector caspase-3 (60). Several mecha-
nisms may explain increased mitochondrial permeability as a result of I/R and conse-
quent release cytochrome-c and AIF. First. //; \;//v> experiments established that hypox-
ia-induced ATP depletion is associated with a rise in intracellular calcium levels, which
will induce non-specific hyperpermeabihty of the inner mitochondrial membrane (61).
Second, ATP depletion in cultured renal proximal tubules induces translocation of the
pro-apoptotic protein Bax from the cytosol to the mitochondrium. where it in turn caus-
es release of cytochrome-c and AIF to the cytosol Conversely, the anti-apoptotic prolein
Bcl-2 prevents release of cytochrome-c and AIF from mitochondria (62) //; vm> evi-
dence for increased expression of both Bcl-2 and Bax during reperfusion of kidneys sub-
jected to I/R has been provided (63). In this context. Basile et al. showed up-regulation
of renal mRNA as well as protein levels of anti-apoptotic Bcl-2 and pro-apoptolic Bax in
an experimental model after 24 h of reperfusion (64). Moreover, mice overexpressing
Bcl-2 are protected against cerebral (65) and intestinal (66) I/R injury, while mice with a
disrupted Bcl-2 gene exhibit exacerbated cerebral I/R injury (67). A third cause of
increased mitochondrial permeability after I/R are OFR. which are liberated during early
reperfusion and damage the mitochondrial membrane. However, since ;>; V/V/VJ data show
that apoptosis can also be induced by hypoxia/reoxygenation without the involvement of
OFR in rat tubular cells (68), other factors may be more important. Finally, also death-
receptor mediated apoptosis may lead to activated caspase-H-induced mitochondrial
damage (69) and ongoing caspase-activation in the course of apoptosis wil l ultimately
inflict additional mitochondrial damage in a self-amplifying loop in which death-recep-
tor dependent and death-receptor independent cell death are connected (70).

The released cytochrome-c can induce a conformational change of an cxtra-mitochon-
drial protein termed Apoptosis Protease Activating Factor-1 (Apaf-1), leading to uncov-
ering of a caspase recruitment domain (CARD). This process is dependent on ATP (71)
and is consequently inhibited under ATP-depleted conditions like prolonged ischemia.
Similar to the DISC in death-receptor mediated apoptosis, the CARD of Apaf-I can now
recruit multiple pro-caspase-9 molecules, which wil l ultimately lead to the formation of
the Apaf-I caspase-9 apoptosome complex and consequent caspase-9 activation. In turn,
activated caspase-9 activates other caspases including caspase-3 for execution of apop-
tosis to proceed. Despite evidence for similar regulation of apoptosis after I/R />? v/vo (65,
66). it has to be taken into consideration that many aspects of death-receptor independent
apoptosis have been established in />» iv/ro systems. Therefore, considering presence of
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cell-cell interactions as well as different homeostatic regulation /« v/vo, the mechanisms
of death-receptor independent apoptosis />? v/7ro may differ from those /«i'/vo. However,
the evident involvement of OFR and ATP depletion in the course of />? v/vo I/R-injury
as well as the observation that Bcl-2 can modulate the extent of/>? vm> I/R-injury sug-
gest that death-receptor independent apoptosis is prominently involved in I/R patho-
physiology.

OIK
Hypoxia BAX ATP

Bcl-2

Extrinsic
pathway

Pro-caspasc-9

Caspaso-3/
apoptosis

C'ytochrome-c

AIF
Caspaso-9

1
Kijjurc 4. Schematic representation of lieath-reccptor independent or intrinsic apoptosis.
I'Athnsic factors such as OFR and hypoxia permeabilize mitochondria for cytochromc-c and
Apoptosis Inducing Factor (AIF). Similarly. ATP depletion will lead to BAX-dcpcndent mito-
chondria penncabilization for cytochromc-c and AIF. Cytochromc-c induces a conformational
change of Apoptosis Protease Activating Factor-1 (Apaf-I). leading to uncovering of the "cas-
pase recruitment domain" (CARD). The latter will induce recruitment of caspasc-9 to form the
apoptosomc. Next, caspasc-9 will be activated, which will ultimately lead to transition to the
apoptotic phenotypc.

OTHER FACTORS CONTRIBUTING TO I/R-INDUCED APOPTOSIS

All initial events that lead to apoptosis ultimately converge to either death-receptor-
depeudent or death-receptor independent apoptosis, caspase activation and cellular
demise. Following renal I/R, several of these initial events have been identified as impor-
tant contributors to the development of apoptosis. Hydrolyzation of the plasma mem-
brane component sphingosine and consequent liberation of ceramide has been reported
to initiate apoptosis after as early as 30 min of renal reperfusion (72). In addition, the
tumor suppressor gene p53. which is up-regulated after reperfusion and promotes cell dif-
ferentiation, maturation and apoptosis has been suggested to be of pivotal importance
(73), but this is still under debate (74). Another mechanism implicated to be involved in
I/R-induced apoptosis is a sudden lack of "survival" signals that normally oppose pro-
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apoptotic stimuli (75). The survival signals referred to, comprise circulating levels and
local expression of soluble growth hormones and also functionally important cell-cell
and cell-matrix interactions (which are often disrupted during I/R)(76). Although no
direct evidence for a cause-and-effect relationship exists between survival factor defi-
ciency and 1/R-induced apoptosis in the kidney, exogenous administration of survival
factors such as Insulin-like Growth Factor-1 (KJF-I)(77). l-pidcrmal (irowth Factor
(EGF)(78) and Hepatocyte (irowth Factor (H(JF)(79) has been proven to promote recov-
ery from I/R injury. Surprisingly, these reports all focus on growth factor-induced accel-
erated growth and recovery in the reperfusion phase. We recently demonstrated that
specifically suppressing the anti-apoptotic signal of KiF-1 by co-administrating a IM3-
kinase inhibitor, abrogates its therapeutic effect on renal I/R injury (37) Therefore, it is
likely that also anti-apoptotic signaling contributes to the observed beneficial effects.
Additional work in this field is required to fully elucidate the contribution of various pro-
apoptotic triggers in the course of I/R.

CASPASES AND THEIR ROLE AS EXECUTIONERS OF I /R-INDUCED APOPTOSIS

The discovery of caspases as the executioners of the apoptotic response lead to significant
advancements in the understanding of the biochemistry of apoptosis (26). The caspase
family is defined by sequence homology with the Intcrlcukin-1|i Converting Hn/yme
(ICE), now renamed caspase-1. Caspase-1 as a potential mediator of apoptosis emanated
from the uncovering of sequence homology between mammalian caspase-1 and a cell
death inducing gene in the nematode Caenorhabditis elegans termed CHD-3 (SO). Other
experiments later confirmed that activation of caspase-1 is essential to the development of
apoptosis in various cell types. Subsequently, new caspases were identified that were
involved in various types of regulation in different organisms and organ systems, result-
ing in a diversity of names for the same individual protein. The name "caspase" was
introduced in 1996 to avoid confusion and reflects the main biocatalytic attributes of the
enzymes. The "c" makes reference to the fact that they are cysteine proteases, whereas
"aspase" refers to their ability to proteolyse substrates behind specific aspartic residues.
The caspase numbers correspond to the chronological order of their publication. Thus far,
14 murine and 14 human caspase homologues have been identified and about two-thirds
of these have been suggested to have a role in the execution of apoptosis (26).

The morphological alterations that apoptotic cells undergo are, among others, carried
out by activated caspases. Al l caspases are expressed as inactive pro-enzymes with a
molecular weight of 30 to 50 kDa. Following an initial pro-apoptotic stimulus caspase-
precursors of so-called initiator caspases (e.g. caspase-S after death-receptor dependent
apoptosis and caspase-9 after death-receptor independent apoptosis) are activated as a
result of proteolytic processing. Once activated, initiator caspases can activate other cas-
pases in a cascade sequence leading to activation of effector caspases (among others cas-
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pasc-3 and -7). Subsequently, effector caspases are believed to be able to degrade a vari-
ety of proteins essential to cell survival. These substrates, of which many remain to be
discovered, include I" *" (81). The latter is an inhibitor of Caspase-Activated DNAse
(CAD), a nuclease capable of internucleosomal DNA cleavage as well as cleavage of
anti-apoptotic Bcl-2. In addition, activated caspases can specifically activate proteins
such as calpain, KMAP-II and pro-IL-lß by removing a negative regulatory domain or
by inactivating a regulatory protein subunit.

In the field of neurology, it is established that caspase inhibition attenuates brain injury
after middle cerebral artery occlusion followed by reperfusion (82). In line, broad-spec-
iium caspase inhibition with the peptide inhibitor zVAD-fmk was shown to protect
against cardiac I/R (20). Kdelstein et al. reported that hypoxia increases caspase-1 and
caspase-3 activity in an /;/ V/7/YJ model of proximal tubular necrosis (42). In addition,
Kaushal et al. showed up-regulation of caspase-1 and caspase-3 mRNA and protein after
4 to 16 h of reperfusion in a rat model of renal I/R (83). Data from our laboratory con-
firmed these results by demonstrating renal caspase-1 and caspase-3 activation after 45
mm (»I renal ischemia followed by either 2 or 24 h of reperfusion in a murine model (37)
(Chapter 4). Also in (his model, I/R-induced renal apoptosis was effectively prevented by
pretreatment with the broad spectrum caspase inhibitor zVAD-fmk. Interestingly, this
inhibition of activated caspases in the course of early reperfusion additionally prevented
subsequent inflammation and impairment of renal function, indicating a functional con-
tribution of (he caspase activation cascade to the development of renal I/R injury.

INFLAMMATION IN THE COURSE OF RENAL REPERFUSION INJURY

Inflammation is a crucial event in the development of organ damage and dysfunction due
to I/R. Employment of specific anti-inflammatory interventions revealed the importance
of inflammation to subsequent development of tissue injury and dysfunction. This strat-
egy enabled the identification and relative contributions of various cells and mediators to
I/R-induced inflammation. Despite an extensive number of publications addressing the
involvement of inflammatory mediators in the course of I/R, the etiology of I/R-induced
inflammation remains largely obscure.

ROLE OF OXYGEN RADICAL MEDIATED REPERFUSION INJURY

The organ condition that accompanies l'R injury is generally associated with aspecific
tissue damage inflicted by endogenously produced OFR immediately upon reperfusion
(Figure 5)(9). Ischemia-induced dephosphorylation of adenosine 5'-triphosphate (ATP)
causes a local rise of hypoxanthine levels, while xanthine dehydrogenase is converted to
xanthine oxidase. The latter has been suggested to occur as a result of proteolysis in the
ischemic phase (84). After reoxygenation (reperfusion) xanthine oxidase converts
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hypoxanthine to xanthine. which results in extensive formation of the Superoxide union
(O;). Since xanthine oxidase is mainly localized in the endothclial cell, repcrfuscd vas-
cular endothelium is considered to play a central role in OFR production after ischemia.
However, it has to be taken into account that the presence of the enzyme xanthine oxi-
dase is species dependent. Other processes that will ultimately result in production of
OFR during reperfusion include the reduction of ferric iron leading to dismulalion of
hydrogen peroxide and plasma membrane phospholipase A2 activation leading to
prostanoid production. Paller et al. in 1984 in a rat model of renal 1 R demonstrated ben-
eficial effects of the radical scavengers Superoxide dismutase and dimelliyltluouna ;is
well as the xanthine oxidase inhibitor allopurinol on renal function, lipid pcroxulalion
and tubular injury (85). This underlines the functional importance of OFR liberation in
the pathophysiology of renal I/R injury.

Ischemia

ATP - • A D P - • A M P - • adcinisino • • losine - • hypoxanthine

Xanthine Dehydrogenasc -•Xanthine Oxidase - > |

Xanllune

•Membrane Peroxidation

•Random DNA Damage

•No-Rcflow

•Apoptosis Inflammation

OFR

Oxidative Burst

Figure 5. Mechanisms of oxygen free radical (OFR) synthesis in the course of I/R. Ischemia will
lead to simultaneous degradation of punnc nuclcotidcs and conversion of xanthine dchydrogc-
nase to xanthine oxidase. Upon reperfusion. accumulated xanthine will react with ( i to form
OFR. Moreover, activated ncutrophils will contribute to OFR synthesis by means of the oxida-
tive burst activity. Liberated OFR in turn may contribute to tissue injury by mediating membrane
peroxidation, random DNA cleavage, no-rcflow and apoptosis as well as inflammation.

The highly reactive OFR liberated during reperfusion may induce lipid membrane per-
oxidation (85). Besides, they can denature functional intracellular proteins and directly
mediate acute microcirculatory obstruction (no-reflow phenomcnon)(86). Employing
cultured tubular epithelial cells that were rendered chemically hypoxic with antimycin A,
Hagar et al. showed a role for OFR in endonuclease activation and consequent induction
of DNA strand breaks, generally associated with apoptosis (87). Moreover, OFR have
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been shown to be able to induce apoptosis in various cell types (88, 89). In addition,
exposure of endothelial cells to OFR induces the prolonged expression of P-selectin on
the cell surface, which results in enhanced PMN adherence (90). During this inflamma-
tory response, granular enzymes such as elastase are released by infiltrating inflammato-
ry cells and additional OFR are produced by the initiated respiratory burst.

contact"•* R""'ng*Attachment-*Transmigration

Repcrfusion
•C5a
•IL-8 (human)
•MIP-2/KC (mouse)

L-.P-.K-
Sclectin

CDIIa/CDI8
ICAM-I

t [)llb/CDI8
mafnx

Lumen

Injury

6. Schematic representation of neutrophil recruitment to the site of I/R-injury. Pro-
inflummutory mediators are liberated during repcrfusion by mechanisms that remain largely
obscure. These mediators have chemotactic properties and can promote leukocyte rolling by
enhancing sclectin expression on neutrophils and on the cndothclium. Subsequently, the ß-inte-
grins ("DM and CDIS as well as ICAM-I and matrix components mediate attachment and
transmigration of the neutrophil to and through the cndothclium. Largely the same mediators
that are chemotactic. also act as neutrophil agonists and activate neutrophils migrated to the
intcrstitium. l-'inully. neutrophil respiratory burst activity accounts for additional tissue injury in
the repcrfused organ.

SLQULLSTRATION AND INFLUX OF POLYMORPHONUCLEAR NEUTROPHILS

Although the contribution of neutrophils to I/R-induced kidney damage varies between
models employed, many studies suggest that neutrophil recruitment to the site of injury
(Figure 6) is a central event in the pathogenesis of I R injury in the kidney as wel as in
other organs (91). For instance, rats that were neutrophil depleted and subjected to renal
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I/R showed improved kidney function and reduced acute tubular necrosis (92). As men-
tioned above, OFR have been implicated in neutrophil chemotaxis during early reperfu-
sion. ORF-induced lipid membrane peroxidation and consequent phospholipase A2 acti-
vation leads to formation of arachidonic acid and lysophospholipids (93). The latter two
products can be metabolized to leukotnene B4 and platelet activating factor (PAR. both
well-established chemoattractants that are both functional mediators of renal I R injury
(94. 95). Other mechanisms that have been suggested to contribute to neutrophil influx
include ischemia-induced activation of the classical as well as the alternative comple-
ment cascade (96) and hypoxia-induced production of interleukin-X (II.-S) and the II.-8
inducing cytokines IL-1 and tumor necrosis factor-a (TNF-u). Which specific events
trigger the release of these mediators in the course of I/R is largely unknown.

Additional to chemoattraction of neutrophils to the site of injury, transmigration
through the endothelial barrier is required (97). Under normal conditions random contact
exists between neutrophils and the endothelium. However, inflammatory mediators
released during early reperfusion induce endothelial K-selectm and P-selectin expression.
The latter two adhesion molecules mediate tethering and rolling interactions between the
neutrophil and the endothelium. Singbartl et al. showed that H-selectin deficient mice as
well as mice treated with antibodies directed against K-selectin are protected against
renal I/R injury, as a consequence of reduced renal neutrophil infiltration (9K). As inflam-
mation proceeds, neutrophils come to a sudden stop by attaching strongly to the endothe-
lium viaß-integrin (CDI 1/CD18) dependent mechanisms. Subsequent migration pass the
endothelium is also regulated by the interaction between neutrophil mtegrms and
endothelial ICAM-1. Dragun et al. have shown in rat model of I/R and syngenic kidney
transplantation that donor pretreatment with antisense oligodcsoxynucleolides for
ICAM-I significantly improved graft function and survival (99). In line, Maug et al. in a
clinical trial showed that immunosuppression with anti-ICAM-1 antibodies to recipients
of cadaver donor renal allografts limited I/R-injury (100). This indicates a central role for
the neutrophil in experimental as well as clinical I/R injury.

Following transmigration, when the neutrophil has emerged between endothelial cells,
the switch to neutrophil toxicity takes place. This effector function of neutrophils (neu-
trophil toxicity) in the postischemic kidney consists of indiscriminate triggering, result-
ing in local formation of OFR (respiratory burst) and liberation of proteolytic en/ymes
such as elastase, gelatinase and collagenase. OFR and proteolytic enzymes are generally
released in parallel, and cooperate in destroying cells and dissolving connective tissues
(101). Moreover, a number of pro-inflammatory signaling molecules implicated in the
course of reperfusion may add to neutrophil toxicity by means of inducing and prolong-
ing respiratory burst activity. These so-called neutrophil agonists, of which several are
also responsible for neutrophil chemotaxis such as IL-8 and complement factor C5a,
include among others damaged mitochondria (102), PAF (103), TNF-u and IL-I (104).
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LATE INFLAMMATION INDUCED BY RENAL ISCHEMIA/REPERFUSION

The sequelae of events following renal I/R involves signs of not only an early but also a
late inflammatory response. The latter phenomenon has been extensively investigated by
llallorans' group and is characterized by enhanced expression of MHC class I and II
antigens as a consequence of increased IFN-y expression following I/R (105). In various
experimental models, the onset of delayed inflammation was observed between 3 and 5
days of renal reperfusion and lasted during subsequent weeks (106, 107). Since enhanced
tissue expression of MHC class I and II antigens is likely to predispose grafted kidneys
to the development of rejection, delayed I/R-induced inflammation is particularly rele-
vant in the field of transplantation.

Late mllammalion after I/R is a consequence of the potent MHC inducing capacities of
IIN-y (I OK). The combined effects of. and complex interactions between IL-12 and IL-
IX ultimately enhance IFN-y production in the course of reperfusion (109). Interestingly,
such regulation appears to be similar in host defence against pathogens such as Km7wia
('///('/<« W;V/t</ (I l())(Figurc 7). Like IL-1, production of biologically active IL-18 is
dependent on caspase-1 activation. We showed that treatment with anti-IFN-y antibodies
abrogated delayed inflammation but not acute inflammation in an experimental model of
renal I/R (109)( Chapter 3). Conversely, no evidence has been put forth showing effective
prevention of early inflammation without affecting delayed inflammation. This suggests
a relation between acute inflammation or tissue damage and the delayed inflammatory
response to I/R.

The similarities observed between mechanisms of IFN-y induction during bacterial
infections and non-mierobial lesions such as renal I/R injury raise the hypothesis that
aspecific tissue damage contributes extensively to local up-regulation of IFN-y This con-
cept is in line with the "danger"-theory proposed by Matzinger who suggests activation
of immunity by danger (l/R-injury) rather than by mechanisms that discriminate between
self and non-self (111). As pointed out earlier, I/R-induced MHC up-regulation may
increase the severity of allorejection in the case ischemically damaged donor organs are
used for transplantation. Also, one could speculate that MHC antigen up-regulation as a
consequence of I/R provides beneficial physiological protection by facilitating T-cell
responses to invading pathogens in damaged tissues. Besides altered MHC expression,
other immune modulating molecules that are implicated in the pathophysiology of I/R
such as Toll-like receptors (112) and locally produced acute phase proteins (113) may be
involved in such host defence processes. Further experimentation might allow these
issues to be resolved.
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Figure 7. Schematic representation of the interactions between IL.-I2. II.-IK and l l 'N-yand
subsequent induction of MHC class I and II antigens in the course of huctcnal infections with
KtTs/rtia i -Wt 'wo/mw (rcf 110) as well as renal I R injury (rcf I(W|. I R-mduced enhanced
MHC class I and II antigen expression may contribute to the higher incidence of delayed rejec-
tion associated with the use of NHB-donor kidneys.

INTERPLAY BETWEEN APOPTOSIS AND INFLAMMATION IN THE COURSE OF I/R

Although apoptosis. necrosis, elaboration of OFR as well as acute and delayed inflam-
mation may appear as distinct entities during reperfusion. it has become evident that
these aspects of I/R injury are extensively interdependent. The redundancy and com-
plexity of interactions inherent to development of I/R injury have complicated the iden-
tification of central causative events. Recent insights in the functional role of apoptosis
in I/R injury benefited from the discovery and classification of caspases. Additional
advances have been made after effective means to measure caspase activity and new
pharmacological tools to inhibit caspase activity /w v/'v« and ;« v/7r« became available.
This has not only increased our knowledge of I/R pathophysiology. but also led to the
identification of endogenous protective mechanisms that co-determine how I/R injury
evolves.

CASPASE AND CALPAINE ACTIVATION DURING INFLAMMATION

Activated caspases participate not only in the promotion of apoptotic cell death, they also
play a role in the processing of pro-inflammatory cytokines. Caspase-1 was initially
termed interleukin-lß-converting enzyme (ICE) based on its central role in the matura-
tion of pro-IL-Iß (114). Also the maturation of the IFN-Y inducing cytokine IL-18 is
dependent on caspase-1 activation (115). Interestingly, both caspase-1 activation and pro-
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duction of IL-Iß as well as IL-18 have been implicated in the pathogenesis of renal I/R
injury (109, 116). These findings suggest that apoptosis contributes to inflammation
through caspase activation. Indeed, selective inhibition of caspase-l conferred protection
against brain I/R-injury in various />; v/vu models (117). On the other hand, caspase-l
appears to be redundant in many forms of apoptosis and caspase-l knockout mice are
minimally protected against renal I/R injury (Chapter 6)(118).

Caspase-7, an effector caspase with high structural and functional resemblance to cas-
pase-l, has been recently demonstrated to be responsible for the processing of the
chemokine endothelial monocyte-activating polypeptide II (KMAP-II)( 119). Our experi-
mental results show that active KMAP-II is produced in the early phase of renal I/R injury
(37). Active KMAP-II is a potent attractorof neutrophils and data from our lab showcas-
pase-7 activation even as early as during ischemia (Chapter 9). Taken together, caspase
activation is not only responsible for I/R-induced apoptotic cell death, but additionally
may function as an intermediate mechanism between apoptosis and subsequent inflam-
mation (Chapter 7). As new caspase substrates are being identified, including precursors
of thus far known and unknown pro-inflammatory mediators, the understanding of the
functional role of caspase activation in the course of I/R will grow.

besides caspases, another group of cysteine proteases termed "calpaines" have recent-
ly been implicated in the pathogenesis of I/R injury in the kidney (120) and in other
organs (121, 122). Shi et al. have demonstrated that activation ofcaspase-3 as well ascal-
pain occurs during early renal reperfusion (120). Since activated caspase-3 can proteo-
lyse calpastatin, an endogenous calpain inhibitor, caspase-3 may mediate calpain activi-
ty during renal I/R injury. Like active caspases, active calpains can cleave proteins impor-
tant for structural cell integrity and cell function (123). Moreover, whereas caspase-l
mediates processing of IL-lß. calpain mediates processing of pro-IL-la to pro-inflam-
matory IL-Ux (124), a process that may contribute to apoptosis-induced inflammation in
the course of renal I/R. Interestingly, activated calpaines have been shown to proteolyse
the transcription factor NF-Kß (125). NF-Kß activation protects cells against apoptosis
induced by chemotherapeutics, ionizing radiation as well as TNF-oc (126). Thus, an I/R-
induced disbalance in calpain regulation may be of pivotal importance to the develop-
ment of I/R injury.

ENDOGENOUS PROTECTION AGAINST I/R-INDUCED APOPTOSIS AND INFLAMMATION

Throughout evolution, organisms have become equipped with various means of defense
against threatening stimuli. It has become clear that homeostatic anticipation and adap-
tation can also confer protection against I/R injury. Such endogenous protection applies
to various aspects of I/R pathophysiology, including apoptosis and inflammation. Indeed,
apoptosis in general can be perceived as an altruistic form of cell suicide that encom-
passes a protective strategy. Moreover, I R-induced inflammation involves the innate
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immune system that also covers the first line of defense against invading pathogens. It is
conceivable that apoptosis as well as intlammation in the early course of 1/R primarily
intend to efficiently clear away noxious debris at the site of injury. However, in the con-
text of I R pathophysiology, the magnitude of the apoptotic as well as the inflammatory
response is disproportional and consequently detrimental to the affected organ system.

Endogenous protection against reperfusion injury can be achieved by producing neu-
tralizing mediators capable of blocking injurious cascades induced by 1/R. For example,
release of TNF-a has been shown to mediate I R-indueed apoptosis as well as inflam-
mation. Other conditions that are associated with TNF-u production such as endotoxcmiu
are characterized by the production of endogenous IL-10, a natural anti-inllammalory
cytokine able to control excess production (127) as well as effects (128) of TNF-a.
Moreover, exogenous IL-10 is protective in models of septic shock as well as I R injury
(127, 129) and IL-10 has been shown to have anti-apoptotic properties (130). In line, we
recently showed that renal 1/R induces local production of IL-10 and that II.-10 neutral-
ization increases the amount of I/R-induced TNF-a production and organ damage (50).

Another mechanism by which an organism can protect itself against the consequences
of I/R is by a process called "ischemic preconditioning" in which single or multiple short
periods of antecedent ischemia induce protection from I R-mduced injury in a biphasic
pattern (131). Such protection lasts for 30 min to 2 h and is followed by a second win-
dow of protection appearing 12-24 h later. Ischemic preconditioning has been attributed
to local protective mechanisms. Among others, heat shock proteins (HSP) have been
reported to mediate the first window of protection conferred by ischemic precondition-
ing. It has been shown that ischemia leads to early up-regulation of HSP70 (132) and that
overexpression of HSP protects against TNF-a-induced apoptosis and confers protection
to oxidative stress (133, 134).

We recently showed that renal I/R induces a hepatic acute phase response and that
mediators of this response (al-acid glycoprotein and ul-antitrypsin) protect against
renal I/R injury by attenuation of I/R-induced apoptosis as well as inflammation (113)
(Chapter 5). Hence, the hepatic acute phase response, executed by the host in the after-
math of infection or injury, may contribute to prcconditioning-induced late protection
against I/R injury. However, these and other protective mechanisms such as endogenous
production of anti-apoptotic cytokines and growth factors, induction of Toll-like recep-
tors, up-regulation of intracellular caspase inhibitors such as I A P ' S and cFLIP need to be
studied more extensively to establish their functional role in I/R pathogenesis.

CLINICAL PERSPECTIVES

Before the transition of experimental results to clinical application can be made, it is
essential to be convinced of the necessity of such clinical application. Our understanding
of the significance of reperfusion injury is restricted by the profuse literature in experi-
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mental models and limited literature in the clinical situation. Also, renal I/R injury is sel-
dom presented as an isolated clinical problem and some clinicians may overlook the con-
sequences of not treating I/R injury as they focus on the underlying problem.
Nevertheless, epidemiological figures support all efforts undertaken by clinicians as well
as basic scientists to investigate new means to treat renal I/R injury (23).

Ivxperimcntal data that are currently available may justify clinical application of anti-
apoptotic agents in the treatment of I/R-injury in the kidney as well as in other organs.
Moreover, new insights in the role of apoptosis in I/R-pathogenesis may yield diagnostic
possibilities to predict the extent of reperfusion injury in ischemically injured transplant
grafts (for instance NlIB-kidneys) upon procurement.

PHARMACOLOGICAL MODULATION OF APOPTOSIS

It is now clear that apoptosis is abundantly involved in the pathogenesis of many dis-
eases. Therefore, efficient and specific pharmacological moduJaf/on of apoptosis is like-
ly to become an important tool to treat a variety of clinical conditions in the forseeable
future. It is evident that not only transplantation medicine will benefit from these
advances. The pharmacological anti-apoptotic approach may soon be employed to treat
or prevent other prominent conditions and complications associated with I/R-injury,
including brain and myocardial infarction followed by therapeutic in situ reperfusion.
Furthermore, anti-apoptotic pharmacotherapy may be effective in treating or preventing
renal, spinal and other complications resulting from extensive vascular or cardiopul-
monary bypass surgery. Similarly, systemic syndromes such as septic and hemorrhagic
shock as well as multi organ failure are potential future indications. Finally, prevention
of immunosuppression by T-cel depleting chemotherapeutics, corticosteroids or stress
through (co-)administration of specific inhibitors of T-cel apoptosis are interesting appli-
cations of anti-apoptotic pharmacotherapy.

A major problem concerning //» v/v« modulation of apoptosis is the complexity in sig-
naling of the various pro- and anti-apoptotic pathways (135). For instance, pharmaco-
logical prevention of apoptosis in ischemically damaged kidney transplants could delay
death of allogenic T-cells and promote transplant rejection (136). Also, pharmacological
inhibition of apoptosis could favor development of necrosis (137) or induce long-term
carcinogenic effects (138). In order to prevent such adverse effects it is necessary to
develop very specific and short-acting pharmacotherapeutic strategies. In this context,
reversible and irreversible caspase-specific inhibitors have been designed based on pep-
tide sequence homology e.g. DF.VD-X for caspase-3 and 1EVD-X for caspase-6. Also,
non-peptide caspase inactivators with enhanced bioavailability and stability are under
extensive investigation. The latter agents include thiol alkylating reagents such as N-
ethyl-maleimide and iodoacetate or substances in which homologous amino acids are
replaced by pyridone moyeties (139).
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Another approach is employment of non-specific apoptosis inhibitors such as growth fac-
tors and acute phase proteins. The anti-apoptotic growth factor K i l - I was successfully
employed in various models of renal I R-injury and has been administered to patients
with primary ICiF-1 deficiency (Laron dwarfism)( 140) and chronic renal failure (141)
without significant deleterious side-effects. Problems with toxicity or adverse effects
related to therapeutical use of acute phase proteins are hardly to be expected, since phys-
iological concentrations of these proteins were shown to be able to attenuate experimen-
tal I/R injury.

Finally, death-receptor mediated apoptosis can be prevented by neutralization of death-
ligands such as TNF-a and Fas-ligand. In our laboratory we showed that treatment with
anti-TNF-a antibodies could significantly reduce I R-induced renal apoptosis in a murine
model (50). Antibodies directed against human TNF-a have been clinically applied to
treat various inflammatory conditions, such as sepsis (142) and inflammatory bowel dis-
ease (143). without obvious adverse effects. Whether neutralization of the Fas system is
a clinical option remains to be established.

DIAGNOSTIC POSSIBILITIES OF I/R-INDUCED APOPTOSIS

No additional diagnostics are performed to assess ischemic damage in donor kidneys that
were not evidently subjected to ischemia. However, when exposure to prolonged
ischemia is evident or of uncertain time as in NUB donation, such diagnostics are of cru-
cial importance. NUB donation is associated with a high incidence of delayed graft func-
tion (3), rendering implementation of a NHB donor program still controversial. Methods
that can establish whether ischemically damaged donor organs are suitable to be used for
transplantation (viability testing) wil l minimize complications from the use of NHB
grafts. Besides effective pharmacotherapy, reliable viability tests that estimate the extent
of ischemic damage and predict post-transplant function will justify wider implementa-
tion of this donor pool.

Apoptosis is an active process and several crucial aspects of the apoptotic response
require ATP, which is depleted during ischemia. Consequently, completion of apoptosis
essentially requires reperfusion. In line. Burns et al. showed that significantly more apop-
tosis occurred in postreperfusion compared with prercperfusion biopsy specimens from
cadaveric donor transplants (144). We and others demonstrated absence of morphologi-
cal signs of apoptosis and also absence of internucleosomal DNA fragmentation after
inducing ischemia without reperfusion in the kidney as well as in other organs (37, 145,
146). Despite this low number of apoptotic cells in prereperfusion renal grafts,
Oberbauwer et al. postulated that the number of apoptotic tubular epithelial cells in donor
biopsies predicts early graft function (147). Indeed, in many studies the length of
ischemia correlates with the extent of postreperfusion apoptosis. Also, it is evident that
apoptosis is initiated by ischemia but that reperfusion is needed for completion of the
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apoptotic cascade. Thus, it is likey that during ischemia, cells conform to biochemical
criteria that facilitate execution of apoptosis upon reperfusion.

Results from our laboratory show that caspase-7 activation and cFLIP depletion poten-
tially initiate and/or amplify ischemia-induced apoptosis upon reperfusion. which is
essential to consequent development of inflammation and organ damage (Chapter 9).
Interestingly both caspase-7 activation and cFLIP depletion can be detected in kidneys
subjected to ischemia without reperfusion. Hence, caspase-7 activation, cFLIP depletion
and potentially other molecular events during (warm or cold) ischemia may be employed
as a diagnostic tool to predict the amount of apoptosis, inflammation and organ function
following transplantation of an ischemically damaged organ.

CONCLUSION

A cell exposed to an ischemic insult in the end will either die in an apoptotic or a necro-
iic fashion or will be repaired and survive. The observation that tissue damage inflicted
by I/R is often partially reversible indicates the involvement of active cell repair, regen-
eration and survival mechanisms. Curiously, seemingly viable cells that survive the ini-
tial injury choose to commit suicide by means of apoptosis. The latter may be part of a
Ideological solution to prevent survival of cells with damaged DNA. Alternatively
and/or additionally, l/R-induced apoptosis represents an effort undertaken by the organ-
ism to prevent necrotic cell death in the long-term.

Pnradigmaticnlly, as opposed to apoptosis. regeneration is not possible in case of necro-
sis. In general, several stimuli including unconditional metabolic collapse and cell mem-
brane disruption by OFR will result in the necrotic phenotype. Also, insufficient phago-
cytotic capacity of neighbouring cells will lead to a conversion from the apoptotic to the
necrotic phenotype (secondary necrosis). The conditions that favour apoptosis, necrosis as
well as cell survival are more or less all present in an organ subjected to I/R. An overall
balance between these factors will ultimately determine the amount of reperfusion injury
and residual function of the postischemic organ. Shifting of this balance constitutes the
central pathophysiological mechanism leading to I/R-injury. The question remaining
addresses the nature of this balance.

It is not likely that an organ system such as the kidney can discriminate between dif-
ferent causes of cellular injury, whether it for instance is I/R, intoxication or radiation.
Also, it is not known what the consequences of cell survival by endogenous or exoge-
nous inhibition of apoptosis are in the long-term. In spite of the capacity to effectively
inhibit apoptosis. an organism paradoxically prefers apoptosis as a prominent form of cell
death following 1/R. Hypothetically. this is a consequence of insufficient evolutionary
selection pressure with respect to prevalence of cell survival mechanisms. Obviously,
cells that are genetically damaged by aspecific exogenous stimuli such as I/R,
(nephro)toxic agents or radiation are potentially mutagenic. In spite of residual function.
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it is an advantage to permanently remove such cells. Whether we prove to be wiser than
evolution and succeed in preventing the injurious etTects of renal 1/R as well as the poten-
tial long-term consequences of its pharmacological antidotes, remains to be seen.

In its various clinical presentations I R-injury forms a significant burden to modern
healthcare. The study of I R pathophysiology in animal models as well as in the clinical
situation is an essential prerequisite for the development of improved means of manage-
ment It is now clear that apoptosis can no longer be regarded as but an epiphenomenon
of reperfusion injury. Recent observations in various organ systems indicate a fuiK'lional
role for apoptosis and biochemical pathways leading to apoptosis in the development of
I R injury. An important advantage is that the fate of cells that are bound to die by apop-
tosis can be changed by adequate pharmacotherapy. Hven more important, the deleterious
consequences of activation of the apoptotic cascade can be prevented pharmacologically.
Serious studies are essential to elucidate short- as well as long-term beneficial and/or
detrimental effects of such interventions. The implications of clinical application arc
potentially enormous, particularly in situations such as preservation and use of ischemi-
cally damaged donor organs, renal, brain and myocardial ischemia, vascular surgery,
shock and many other conditions.
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ABSTRACT

Ischemia followed by reperfusion is a common clinical event associated with a pro-
inllummutory response leading to organ dysfunction. The aim of the present study is to
evaluate the interplay between this pro-inflammatory response and apoptosis. We inves-
tigated the role of the pro-inflammatory mediator tumor necrosis factor-a (TNF-a) and
the anti-inflammatory mediator interleukin-10 (IL-10) in inflammation and apoptosis fol-
lowing renal ischemia reperfusion.

Male Swiss mice were subjected to 45 min of ischemia followed by reperfusion and
subsequently administered neutralizing Abs against either TNF-a (TN3), IL-10 (JES5-
2A5) or control.

After I day of reperfusion anti-TNF-oc treatment reduced while anti-IL-10 treatment
exacerbated postischemic renal injury, inflammation and, to a lesser extent, apoptosis as
measured by changes in blood urea nitrogen content, immunohistologically detectable
renal TNF-a protein and neutrophils, histological integrity of renal parenchyma and
DNA-ladder formation. Furthermore. anti-IL-10 treatment enhanced major histocompat-
ibility complex class I and II expression at day 7 as measured by enzyme immunoassay
and immunohistology.

These data indicate that the extent of reperfusion-induced apoptosis is modulated by the
inflammatory response during which locally produced TNF-a plays a significant role in
the development of tissue injury. Subsequently, this pro-inflammatory reaction is fol-
lowed by endogenous production of the anti-inflammatory cytokine IL-10 which serves
as a physiological counterbalance to the effects of TNF-a. These novel pathophysiologal
insights may provide new basis for the development of tools for limiting ischemia and
reperfusion injury.

INTRODUCTION

Renal insufficiency as a consequence of hypoperfusion/ischemia followed by reperfusion
is of particular relevance to transplantation (1) but also to coronary bypass surgery (2),
aortic cross-clamping (3) and shock (4). Many studies show that an inflammatory
response induced by ischemia followed by reperfusion (I/R) is largely responsible for
functional organ failure and tissue damage (5, 6). The acute inflammatory response ini-
tiated by 1 R is characterized among others by the induction of a pro-inflammatory
cytokine cascade (7, S), expression of adhesion molecules (9) and cellular infiltration
(10). Other signs of the inflammatory response are less acute and include local infiltra-
tion by T-cells and macrophages (5) as well as upregulation of major histocompatibility
complex (MHO antigens with respect to renal I/R (11. 12). Recent reports support the
notion that beside inflammation, apoptotic cell death is triggered by I R (13, 14). The
execution of sublcthally injured but viable cells normally capable of complete recovery
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set in motion by apoptosis may contribute to reperfusion injury. Apoptosis can be trig-
gered among others by the pro-inflammatory cytokine tumor necrosis factor-a (TNF-a)
(15). The release of TNF-a, which has been attributed a central role not only in apopto-
sis but also in inflammation, has been implied to be involved in 1 R injury in the liver by
Colletti et al. They demonstrated the presence of detectable TNF-a plasma levels and
showed that histological damage and increased neutrophil sequestration in the liver as
well as remote pulmonary injury were mediated by TNF-a (16, 17). These findings are
in line with the reported TNF-a-induced expression of chemokines (16, 18) and adhesion
molecules (19). TNF-a until now has not been established as a mediator of renal 1/R
injury but may be of importance considering the ability of renal cells to produce TNF-a
(20).

Conditions associated with TNF-a release such as endotoxemia among others are char-
acterized by the production of endogenous interleukin-10 (1L-I0) (21), a natural anti-
inflammatory response controlling excess production (22), as well as effects (23) of
TNF-a. Besides, in a model of non-uremic renal I/R injury, enhanced IL-IO mRNA pro-
duction has been demonstrated (12). These considerations prompted us to hypothesize
that renal I/R is attended by enhancement of pro-inflammatory next to anti-inflammato-
ry mechanisms in an activated balance that regulates the extent of reperfusion-induced
inflammation as well as apoptosis.

We evaluated the involvement of the pro-inflammatory cytokine TNF-a as well as the
anti-inflammatory cytokine IL-IO in a murine model of renal I/R injury. To this end, mice
were treated with the neutralizing anti-murine TNF-a monoclonal antibody (mAb) TN3
or the anti-murine IL-10 mAb JES5-2A5. Renal function, morphology, TNF-a expres-
sion and neutrophil infiltration in addition to MHC class I and II up-regulation, expres-
sion of TNF-a and IL-10 specific mRNA levels, and the extent of renal apoptosis were
investigated.

MATERIALS AND METHODS

ANTIBODIES AND REAGENTS

The following antibodies (Abs) were used: anti-murine TNF-a mAb TN3, a comple-
mentarity-determining regions grafted murine Ig(i2a was a generous gift from Celltech
(Slough, UK); anti-murine IL-10 mAb JES5-2A5, a Rat IgCil. was kindly provided by
HBT (Uden. The Netherlands); anti-human TNF-a mAb 52B83 (24, 25) cross-reactive
with munne TNF-a; mAb GL113 a control rat IgGI was kindly provided by Dr.
Savelkoul (Erasmus University. Rotterdam. The Netherlands); mAb 5D7, a control
murine IgG2a; anti-murine MHC class I mAb m 1/42.3.9.8 was purchased from the ATTC
(Rockville. MD); anti-munne MHC class II mAb H82-168.I0 was kindly provided by
Dr. Pierres (CNRS INSERM, Marseille. France); anti-murine neutrophil mAb (ir-l was
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purchased from Pharmingen (San Diego, CA). Other reagents used were: peroxidase con-
jugated goat anti-rat IgG and peroxidase conjugated goat anti-rabbit IgG purchased from
Jackson (West (irove, PA); the digoxigenin-labeling compound digoxigenin-3-0-methyl-
carbonyl-e-aminocaproic-acid-N-hydroxy-succinimide ester, alkaline phosphatase-con-
jugatcd sheep anti-digoxigenin and alkaline phosphatase chromogen NBT/BCIP were
purchased from Boehringer Mannheim (Mannheim, Germany); murine recombinant
TNF-oc was purchased from ICN (Costa Mesa, CA). All other reagents were purchased
from Sigma Chemical (St. Louis, MO).

KlNAI . ISCHEMIA/REPERFUSION INJURY MODEL

Male Swiss mice weighing 20-25 g were obtained from Charles River Breeding
Laboratories (Heidelberg. Germany). Animals were housed individually in standard lab-
oratory cages and were allowed free access to food and water throughout the experi-
ments. The studies were carried out under a protocol approved by the Institutional
Animal Care Committee of the University of Maastricht. At the start of the experiments,
mice were anesthetized with sodium pentobarbital (50 mg/kg i.p.). A rectal probe (Cole-
Palmcr, Vernon Hills, IL) to monitor body temperature was inserted and body tempera-
lure was maintained at 39°C by a heating lamp until animals recovered from anesthesia.
Under aseptic conditions a 1.0-cm-long midline abdominal incision was made and
ischemia was induced by applying a non-traumatic vascular clamp to the left renal pedi-
cle for 45 min. Alter 3 min the kidney was inspected for signs of ischemia; subsequent-
ly, the wound was covered with cotton soaked in sterile phosphate-buffered saline (PBS).
After removal of the clamp, the left kidney was inspected for restoration of blood flow
and the contralateral kidney was removed and stored for further analysis. The wound was
closed in two layers, and. subsequently, 0.25% bupivacaine was applied topically for
postoperative pain management. Finally, to maintain fluid balance and volume status,
mice were supplemented with 1 ml prewarmed (37°C) PBS subcutaneously The animals
were sacrificed at 6 h as well as 1, 3, 5 and 7 days after reperfusion. At the time of sac-
rifice, blood was collected by orbital puncture and the left kidney was harvested for fur-
ther analysis.

Mice were subjected to ischemia and treated with anti-TNF-a mAb TN3 (n=28), con-
trol IgG2a mAb 5D7 (n=19), anti-IL-10 mAb JES5-2A5 (n=28), control IgG I mAb
GI.l 13 (n=19) or PBS (n=28). A sham-group (n=14) underwent the same surgical pro-
cedure as animals subjected to ischemia except for clamping of the renal pedicle. These
animals were treated with PBS and sacrificed at corresponding timepoints. All pharma-
cological interventions were carried out ten min before removal of the clamps. Mice were
intraperitoneally administered either 1 mg of mAbs dissolved in 0.5 ml PBS or 0.5 ml
PBS. The doses of the treatments used have been shown to have />; v/vo neutralizing
capacities (26. 27) and administration of these reagents to mice not subjected to renal I/R
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did not influence any of the investigated parameters (data not shown) When data
obtained from the groups that received 51)7 or C • L113 were compared to the ischemia/
PBS group, no significant differences were observed (data not shown) indicating that
aspecific IgG does not affect any of the parameters evaluated.

HISTOLOGY

Specimens of harvested kidneys were either fixed in buffered formaline and paraffin-
embedded or immediately frozen and stored at -70°C\ Paraffin sections (5 |im) were
stained with periodic acid Schiff (PAS). These sections were used to judge the extent of
tissue damage by assessing tubular dilatation, presence of intratubular debris, vacuoli/a-
tion of tubular epithelium cells and, loss of brush border membrane integrity We
refrained from subjective tissue damage quantification because of the large variability
involved with this method. In addition, immunostaining for TNF-ot with digoxigenin-
labeled mAb 52B83 was performed on paraffin sections using alkaline phosphatase-eon-
jugated sheep anti-digoxigenin as the secondary detection mAb and NM MCIP as a
chromogen, followed by a methyl green counterstain. Frozen sections (5 urn) were
stained for neutrophils with mAbGr-1 (28), for MHC class I with mAb ml/42.3.9.8 (29)
and for MHC class II with mAb H82-168.I0 using peroxidase-labeled goat anti-rat lg(i
as the secondary detection mAb and 3-amino-9-ethylcarba/ole (AlvC) as a chromogen,
followed by a hematoxylin counterstain. To block aspecific peroxidase activity, sections
were pretreated for 10 min with PBS containing 0.03% H,O;>. No significant staining was
detected in slides incubated with control mAb instead of the primary detecting mAb,
indicating the absence of significant background staining.

REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION (RT-PCR)

After nephrectomy, kidney specimens were immediately immersed in a freshly prepared
conservation solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate,
0.5% N-laurylsarcosine and 0.1 M ß-mercaptoethanol. Samples were snap fro/en in liq-
uid nitrogen and stored at -70°C until further analysis by RT-PCR as described previ-
ously (30). Briefly, total cellular RNA was isolated by homogenizing renal tissue in con-
servation solution, followed by extraction with phenol-chloroform-isoamyl alcohol.
After alcohol precipitation the pellet was dissolved in diethyl pyrocarbonate-water and
total RNA was determined by spectrophotometric analysis at 260 and 280 nm wave-
length. 5 |ig of total RNA was reversed transcribed in a 20-ul volume using oligo(dT)
primer and Moloney murine leukemia virus reverse transcriptase (Life Technologies
Gibco. Paisly, United Kingdom) according to the supplier's recommendations.
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Per sample, four 2-fold serial dilutions of cDNA were amplified in a 25 u.1 reaction mix-
ture containing 100 uM of each dNTP, 200 nM primers and 0.5 U Taq DNA polymerase
(Perkm Hlmer/Cetus, Hmeryville, CA) during 30-40 cycles under the following condi-
tions: 94 "C for 15 seconds, 60°C for 20 seconds and, 72°C for 20 seconds. Primers used
for murine TNl -a mRNA were sense primer 5'-GGCAGGTCTACTTTGGAGT-
CATTGC-3' and antisense primer 5'-AC ATTCGAGGCTCCAGTGAATTCGG-3';
primers used for murine IL-10 mRNA were sense primer 5'-TGCCTTCAGTCAAGT-
GAAGACT-.V and antisense primer 5-TGCCTTCAGTCAAGTGAAGACT-3'; ß-actin
specific primers were sense primer 5'-TAAAACGCAGCTCAGTAACAGTCCG-3' and
antisense primer 5'-TGCAATC'CTGTGGCATCCATGAAAC-3'. Synthetic genes con-
taining nonhomologous DNA with binding sites for 5' and 3' cytokine-specific primers
were used as control DNA fragments (31). All primers and synthetic genes were kindly
provided by Prof. II Volk, llumbold University, Berlin, Germany. The reaction product
was analyzed on a 1.5% agarose gel containing ethidium bromide. In all experiments, a
mock PCR (without cDNA) was included to exclude contamination. Band proportions
were estimated by measuring the intensity of ethidium bromide fluorescence with a dig-
ital camera (Imagemaster VDS, Pharmacia, Uppsala, Sweden).

ASSAYS FÜR MYELOPEROXIDASE (MPO) AND BLOOD UREA NITROGEN (BUN)

To quantify the extent of renal neutrophil accumulation, renal MPO content was deter-
mined (32). Snap-frozen samples were thawed, homogenized for 30 seconds using a tis-
sue homogenizer (T25B, 1KA GmbH, Stauten, Germany) at 20,000 rotations/min in 0.5%
hexadecyltrimethylammonium bromide dissolved in 50 mM PBS pH=6.0 and made up to
concentrations of 0.17 g/ml renal tissue. After heat incubation (2 h, 60°C) in a water bath
to verily myeloperoxidase heat resistance (33), samples were frozen and thawed in order
to release cellular MPO. Next, samples were spun at 11.000 g for 5 min and supernatants
were collected. Knzymatic detection of myeloperoxidase was performed in a 96-well plate
(Costar, Cambridge, MA). Assay mixtures consisted of 40 u.1 H,O, (final concentration 0.3
mM) in SO mM PBS pll=5.4 and 40 ul in 0.5% hexadecyltrimethylammonium bromide,
50 mM PBS pi 16.0 containing diluted sample. The reaction was initiated by addition of
20 ul tetramethylbenzidine (final concentration 1.6 mM) in dimethyl sulfoxide and
stopped after 15 min by the addition of 50 ul/well 1 M H,SO.,. Subsequently, optical den-
sity (OD) was determined at 450 nm. All samples were assayed in triplicate. MPO activ-
ity was calculated per mg renal tissue by comparing OD of sample wells with a titration
curve of horseradish peroxidase. The obtained relative MPO activities were standardized
with respect to wet. dry ratios of the assayed renal tissue and are presented relative to the
amount of MPO present in the contralateral kidney harvested immediately after reperfu-
sion. BUN was measured in serum obtained by orbital puncture at the time of sacrifice
using a BUN unimate 5 kit in a Cobas Fara autoanalyzer (Roche. Basle. Switzerland).
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WEHI TNF-a BIOASSAY

Biological TNF-a activity was measured using the murine fibrosarcoma WEHI 164 cell
line as described previously (34). The sensitivity of the assay was 10 pg/ml.

IMMLNOASSAYS

Enzyme-linked immunosorbent assay (ELISA) for TNF-a was performed as described in
detail previously (35). For the quantification of MHC class I and II antigens in the kid-
ney, a non-radioactive enzyme immuno assay (EIA) was developed Snap-fro/en renal
tissue was thawed, homogenized for 30 seconds using a tissue homogeni/er at 20.000
rotations/min, made up to a concentration of 20 mg/ml in PBS containing X nM deoxyri-
bonuclease I, 0.4 mM phenylmethylsulfonyl fluoride (PMSF) and subsequently spun at
11.000 g. Pellets were resuspended in 100 fa I PBS. 0.1% bovine serum albumine (BSA)
containing mAb m 1/42.3.9.8 or mAb HS2-I6S.10 for detection of MHC class I or MHC
class II. respectively. After 1 h incubation on ice, pellets were washed twice with ice-cold
PBS 0.1% BSA.

Next, pellets were resuspended, incubated for 1 h with peroxidase conjugated goal anti-
rat IgCi, washed twice and resuspended in 0 25 ml PBS containing 0.1% BSA. S nM
deoxynbonuclease I and 0.4 mM PMSF and incubated for 15 min at room temperature.
Next, suspensions were added in a 96-well sample plate (Costar), 30 (il 1MB substrate
was added and after 15 min the reaction was stopped. Subsequently, OI) was determined
at 450 nm. All samples were measured in triplicate. MHC class I and II content were cal-
culated per milligram of renal tissue by comparing OI) of sample wells with a titration
curve of horseradish peroxidase. The obtained MHC class I/II contents are presented rel-
ative to the amount of MHC class I/II in the contralateral kidney harvested immediately
after reperfusion.

D N A LADDER FORMATION

The presence of nucleosomal laddering in kidneys was investigated with a commercial-
ly available ligase-mediated (LM)-PCR assay kit (Apoalert, Clontech, Palo Alto, CA)
enabeling the semiquantitative measurement of the extent of apoptosis (36). In brief,
DNA was isolated from tissue samples previously frozen at -70X employing a com-
mercially available DNA purification kit (Wizard, Promega, Madison, Wl) according to
the manufacturers instructions. DNA purity and concentration were determined by elec-
trophoresis through a 0.8% agarose gel containing ethidium bromide, followed by detec-
tion under ultraviolet illumination as well as by measuring absorbance at 260/280 nm.
Dephosphorylated adaptors were ligated to 5'-phosphorylated blunt ends with T4 DNA
ligase (during 16 h at 16°C) and served as primers in a LM-PCR under the following con-
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ditions: hotstart (72°C for 8 min), 25 cycles (94°C for 60 seconds and 72°C for 180 sec-
onds), post-cycling (72°C for 15 min). To confirm that equal amounts of DNA were used
for the PCR, an internal control that consisted of DNA amplification using En-2 primer
pairs was performed. Amplified DNA was subjected to gel electrophoresis on a 1.2%
agarose gel containing cthidium bromide.

STATISTICAL ANALYSIS

Data are expressed as medians with interquartile ranges. Experimental data from animals
subjected to I/R were compared with sham-operated controls using the Mann-Whitney-
U test When data were compared between ipsi- and contralateral kidneys, the Wilcoxon
signed-rank test was used. P<0.05 was taken to denote statistical significance.

RESULTS

INVOI VI:MI:NT or TNF-a IN RENAL FUNCTION AND INFLAMMATION AFTER ISCHEMIA/

KHPF.RFUSION

First, we studied renal production of TNF-a following I/R. TNF-a protein was identified
by immunohistology at day 1 after ischemia and was distributed in and along damaged
tubular epithelium and in infiltrating leukocytes (Figure lb). Positive immunostaining
was limited to the outer stripe of the outer medulla and not detectable in the superficial
cortical or other medullar regions. Specific immunoreactivity decreased rapidly after day
I following reperfusion. In addition, TNF-a could not be detected in kidneys obtained
from animals subjected to the sham procedure or in contralateral control kidneys. To fur-
ther establish that TNF-a was kidney derived, expression of mRNA for TNF-a was
assessed by RT-PCR. Figure 2 demonstrates enhanced renal TNF-a mRNA expression
after I/R in representative samples, reaching peak levels at day 1 compared to baseline
levels in kidneys obtained from sham-operated controls. We additionally investigated
whether, as a consequence of increased local expression, TNF-a was detectable system-
ically in sera obtained from animals 1, 3, 5 and 7 days after reperfusion. Plasma levels of
TNF-a evaluated using both the WEHI 164 cytotoxicity and ELISA were below detec-
tion in all samples investigated (data not shown).

Next, to elucidate functional aspects of TNF-a in renal reperfusion injury we employed
a neutralizing anti-TNF-a Ab (TN3). At day I after renal ischemia, BUN content, reflect-
ing renal function, was significantly higher when compared to sham-operated animals
(Figure 3). Anti-TNF-a treatment resulted in a moderately but significantly decreased
BUN content when compared to control treatment, indicating that endogenous TNF-a
contributes to impairment of renal function.
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••»st
Figure I. lmmunostaining of TNF-a with mAb 52B83 is confined to the outer stripe of the
outer renal medulla after 24 h of reperfusion. Contralatcral control kidney, lacking stuinint! for
TNF-a (A). Kidney subjected to I R. showing significant medullar staining for TNI--t* (B).
Kidney from anti-IL-10-treated mouse subjected to I/R. strongly enhanced staining for TNI--a
present in tubular epithelium and infiltrating cells (C) (paraffin preserved section, magnifica-
tion 2(K)x).

ß-»ctln TNF (X IL-10

[cDNA J

Figure 2. Peak renal TNF-a mRNA expression after 1 day of reperfusion as well as slightly
enhanced IL-10 mRNA expression detectable from day 5 onwards when compared to baseline
levels in kidneys obtained from sham-operated controls. Shown arc representative samples of
which cDNA was amplified in four 2-fold scnal dilutions and calibrated against identical lev-
els of (J-actin mRNA.
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Figure 3 Anti-TNF-o treatment attenuates (median: 16 5 mMol'L and quartilcs 14.7-19.3
mMol 1). whereas anti-IL-IO treatment enhances (median: 31.3 mMol'L and quartiles 18.6-
31.4 mMol I) deterioration «I kidney function when compared to control-treated mice (median:
20.X mMol'L and quartiles 16.3-24.X mMol I) as measured by determination of blood urea
nitrogen (BUN), after I day of reperfusion. Statistical significance (*) was denoted at P < 0.05.
The data shown are medians.

Figure 4. Renal I R leads to extensive histological damage, characterized by tubular dilatation,
luminal debris, tubular vacuolization. damaged brush border membranes and tubular necrosis
at day I (A). Compare with kidney obtained from animal subjected to the sham-procedure (B)
(PAS-stain of paraffin preserved section, magnification 200.x).
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Figure 5. Ncutrophil influx, assessed by MPO increase, is up-rcgulatcd by pro- (TNF-ot) und
down-regulated by anti-inflammatory (IL-IO) cytokincs after I day of renal rcperfusion. Note
the reduced renal MPO increase in animals that received anti-TNF-a treatment and the
increased renal MPO content in animals that received anti-ll.-IO treatment Statisiic.il signifi-
cance compared to control-treated animals (••) was denoted at P- 0.OI and compared to con-
tralateral control kidneys (#) at P<0.05. The data shown arc medians with interquartile ranges.

After 1 day of reperfusion, histological injury was clearly present (Figure 4). Renal cross-
sections showed an overall dilatation of proximal convoluted tubuli, intraluminal tubular
debris, loss of tubular brush border membrane integrity, patchy necrosis and detachment
of tubular cells from supporting basement membranes. In parallel, immunohisiology
revealed an extensive influx of ür-1 positive cells (neutrophils) in the cortical areas (data
not shown). This accumulation of neutrophils was quantified by assessment of renal
MPO activity. As shown in Figure 5, MPO activity in control-treated animals was sig-
nificantly increased after 1, 3, and 5 days of reperfusion when compared to contralateral
controls. Anti-TNF-a treatment significantly reduced the MPO content at day 1 when
compared to control-treated animals.

After 5 and 7 days of reperfusion, morphological changes became less pronounced. A!
these timepoints however, large fibrotic lesions became discernible. MIR* class I and II
expression, distinct late hallmarks of the inflammatory response, were strongly enhanced
as shown by EIA (Figure 6). The differences in MHC expression less than zero imply
increased constitutive levels in contralateral controls compared to kidneys subjected to
I/R as a consequence of natural variations. At day 5, MHC class I in kidneys subjected
to I/R significantly increased as compared to contralateral control kidneys. Moreover, at
day 7. MHC class I as well as MHC class II significantly increased as compared to con-
tralateral controls. These findings are supported by immunohistological data indicating
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MUC I and II upregulation at day 5 and 7 (Figure 7). After day 5. tubular epithelium and
arterial endothelium stained intensely positive for MHC class I (Figure 7b), whereas
MUC class II immunoreactivity was confined mainly to tubular epithelium (data not
shown). The immunohistological data additionally showed that the contribution of infil-
trating immune cells to I/R-induced MHC class I and II upregulation was insignificant
and that MHC class I and II immunostaining was most prominent in the outer stripe of
the outer medulla These results were quantitatively confirmed employing an EIA, which
demonstrated increased expression of MHC class I (Figure 6a) as well as MHC class II
protein (Figure 6b) at day 5 and when compared to sham operated animals. Anti-TNF-a
treatment affected neither MHC class 1 nor MHC class II expression.
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Figure 6. Anti-IL-10 treatment leads to strongly enhanced renal expression of MHC class I (A)
and MHC class II (B) after I/R as assessed by enzyme immuno assay. Numbers on the y-axis
indicate the relative ditTerence in arbitrary units between kidneys subjected to I/R and con-
tralatcral controls calibrated against a standard titration curve of HRP. Statistical significance
compared to control-treated animals (•) or compared to contralateral control kidneys (#) was
denoted at P«4).()5. The data shown are medians with interquartile ranges.
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Figure 7. Minimal constitutive MHC class I expression detected by employing mAb
ml/42.3.9.8 on artenal endothelium and tubular epithelium in contralatcral control kidneys (A)
whereas immunostaining of MHC class I antigens on tubular epithelium after 7 days of reper-
fusion is moderately enhanced in control-treated animals (B) and strongly enhanced in anti-IL-
10-treated animals (C). Immunostaining was most prominent in the outer stripe of the outer
medulla and not present in negative controls (frozen sections, magnification 2(K)x).

Figure 8. In kidneys obtained from anti-IL-IO-trcated animals (lane 1-3) the extent of apopto-
sis as reflected by the amount of fragmented DNA amplified by LM-PCR and visualized on
ethidium-bromide-staincd gels was increased when compared to control-treated animals (lane
4-5) at I day after ischemia. To a lesser extent, apoptosis was present in kidneys obtained from
anti-TNF-a-treated animals (lane 6-7). Contralateral control kidneys (lane 8-9) exhibited
almost no sign of apoptosis. M. molecular weight markers (range. I(X) to 2(MX) base pairs).

INVOLVEMENT OF ENDOGENOUS IL-10

As stated above, endogenous production of IL-10 is an important aspect of the natural
anti-inflammatory response. In order to assess whether this type of regulation also deter-
mines the outcome of renal I/R. we first investigated the presence of IL-10 mRNA in the
postischemic kidney by means of RT-PCR (Figure 2). In line with previous reports (12),
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increased levels of renal IL-10 mRNA were detected in all animals subjected to I/R from
day 5 onwards. These data prompted us to investigate the putative regulatory influence
ofendogenously produced IL-10 in the inflammatory process induced by I/R. To this end,
mice were administered the anti-IL-10 mAb JES5-2A5. Immunohistology showed that
IL-10 suppression enhanced renal TNF-a protein expression without altered distribution
(Figures 1, b and c). Anti-IL-10 treatment significantly exacerbated renal function
impairment after 1 day of reperfusion, as indicated by an increased BUN content when
compared to control treatment (Figure 3). Kidneys taken from anti-IL-10-treated animals
also revealed substantial histological damage. In these kidneys more neutrophils could be
detected by immunohistology (data not shown). This was reflected by the significantly
increased MPO activity after 1, 3 and 5 days of reperfusion when compared to the con-
tralateral control kidney as well as when compared to control-treated animals after 1 day
ol reperfusion (Figure 5).

Further, the enhanced inflammation following anti-IL-10 treatment resulted in a strong-
ly increased kidney MIIC expression at day 7 after ischemia, as demonstrated by MHC
class I (Figure 7c) and II (data not shown) specific immunostaining. In these mice, quan-
tification of MIIC class 1 and II expression by LI A revealed significantly increased lev-
els of both MHC class I and II antigens at day 5 and 7 when compared to contralateral
kidneys or to control-treated animals at corresponding timepoints after reperfusion
(Figure 6).

INTERPLAY BETWEEN INFLAMMATION AND APOPTOSIS FOLLOWING ISCHEMIA/REPERFUSION

The characteristic fragmentation of DNA, which can serve as an identifying marker of
apoptosis results from activation of specific DNA-degrading endonucleases causing the
formation of 180-200 base pair fragments (37). We analyzed the degree of renal DNA-
fragmentation in mice treated with either anti-TNF-a or anti-IL-10 Abs to determine
whether the I/R-induced pro-inflammatory response modulates apoptosis. All kidneys
subjected to I/R clearly showed DNA laddering (Figure 8). Ladder band intensity
decreased in anti-TNF-a-treated animals suggesting that TNF-a is involved in apoptosis
observed aller reperfusion. Moreover, in kidneys from anti-IL-10-treated animals (which
showed an increased inflammatory response), DNA-laddering was more apparent
(Figure 8), indicating that in this model enhanced inflammation increases the extent of
apoptosis.

DISCUSSION

The present results demonstrate the presence of immunohistologically detectable TNF-a
protein in the reperfused kidney as well as increased renal TNF-a mRNA levels as meas-
ured by RT-PCR. The finding that plasma levels of (bioactive) TNF-a after renal I R
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remained undetectable, suggest that the involvement of TNF-o is restricted solely to the
kidney. Anti-TNF-a treatment resulted in less histological damage and improved renal
function. Hence, local TNF-a production, up-regulated following I/R, is involved in the
process leading to the observed histological damage as well as to impaired organ func-
tion, which is supported by reports on local expression of TNF-a mRNA aller 1 R of the
liver (16), the heart (8) and the brain (38). An attribute of TNF-a of particular relevance
to its role in renal I/R is the ability of reducing glomerular function (39). Other activat-
ing and indirect neutrophil chemotactic properties of TNF-a include activation of poly-
morphunuclear neutrophils (PMN) (40), induction of adhesion molecules like K'AM-1
(41) and P- and E-selectin (42) as well as chemokines such as Mt'P-l (43) and the inuiine
IL-8 homologue KC (44), which all have been associated with 1/R-induced inflammation
(5, 9, 45, 46). These properties of TNF-a may account for our finding that kidney infil-
tration by neutrophils at day 1 was significantly reduced in anti-TNF-a-treated animals.
I/R invariably induced renal apoptosis and TNF-a clearly contributes to its severity since
DNA ladders are less apparent in anti-TNF-a-treated mice. In contrast, a role for TNF-a
in the upregulation of MHC antigens after 5 and 7 days of reperfusion is less evident con-
sidering our data, which show that expression of these antigens was not affected by anti-
TNF-a treatment. Taken together, these findings indicate that TNF-a, produced in the
kidney, functionally contributes to the pathophysiology ol early renal I/R injury.

We hypothesized that production of endogenous IL-10 is part of a natural anti-inflam-
matory response that limits the deleterious effects of the pro-inflammatory cascade
induced by I/R. In support of this hypothesis, our results show that kidneys from anli-IL-
10-treated animals exhibited a pronounced positive immunostaining for TNF-a protein.
In these animals, the absence of the broad range of anti-inflammatory properties exerted
by IL-10, such as inhibition of TNF-a, IL-I (47), IL-6 (48), free radical production (49)
and expression of adhesion molecules (50), apparently contributes to an enhanced pro-
inflammatory response leading to the observed additional impairment of renal function
and enhanced neutrophil influx. The observed lack of renal IL-10 mRNA after 1 and 3
days of reperfusion in control-treated mice could either imply that undetectable amounts
of IL-10 mRNA are associated with early regulation of the observed pro-inllammatory
response or that the IL-10 involved is not kidney derived. At day 5 and 7 however, when
anti-IL-10-treated animals show increased renal MMC" class I and II, which suggests that
this response is normally limited by endogenous IL-10, the presence of renal IL-10
mRNA becomes evident.

The anti-inflammatory aspects of IL-10 have been extensively studied. IL-10 has been
shown m w/ro (47. 51) and ;n v/Y« (21, 22) to be capable among others to regulate TNF-
a production by neutrophils. macrophages and Thl-cells. Adenosme. an endogenous
nucleoside released in conditions of metabolic stress such as ischemia has been reported
to limit among others TNF-a production (52), a process suggested to be mediated by IL-
10 (51). The increased degree of renal apoptosis observed in mice that received anti-IL-
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10 mAbs most likely is the result of enhanced local TNF-a levels in these animals.
However, also TNF-a independent anti-apoptotic effects attributed to IL-10 such as
induction of Bcl-2 expression, a potent apoptosis repressor mechanism (53), must be
taken into consideration.

Renal IL-10 mRNA production has been reported in a model of non-uremic renal I/R
injury (12), to down-regulate IFN-y production by Thl cells (54) and to abrogate the pro-
duction of the IFN-y inducing cytokine IL-12 by monocytes /w v/vo (55) and ;« v;7ro (56).
Since up-regulation of MHC antigens is initiated in particular by IFN-y (57), these
reports suggest that in our experiments the observed additional up-regulation of MHC
antigens in anti-IL-10-treated mice is associated with direct or indirect IFN-y modulating
properties of endogenously produced IL-10. Although not functional in our model, MHC
class I and II up-regulation may render grafted tissue more susceptible to allograft rejec-
tion (58, 59).

These results indicate that the extent of postischemic tissue damage induced by inflam-
mation and apoptosis is determined by an activated balance between pro- and anti-
inflammatory mediators. Similar to experimental septic shock (21), the observed protec-
tive anti-inflammatory response features regulation of endogenous IL-10. Hence, this
may explain why supplementation with exogenous IL-10 is protective in experimental
septic shock (22) as well as in experimental I/R (60, 61). The administration of exoge-
nous IL-10 or IL-10-inducing drugs (as opposed to IL-10-suppressive drugs such as
FK.506 and cyclosporine) in the moderation of reperfusion injury may be a valuable clin-
ical tool not only to reduce neutrophil mediated tissue damage and apoptotic cell damage
but also to prevent increased graft immunogenicity provoked by enhanced MHC class I
and II expression.

The present results reveal a role for local TNF-a as an important pro-inflammatory
mediator of early (day 1) I/R-induced inflammation as well as an anti-inflammatory and
regulatory role for endogenous IL-10 in both an early (day 1) and a late (day 7) phase of
reperfusion injury. We show that the counter-regulatory properties of endogenously pro-
duced IL-10 offers physiological protection against inflammatory as well as apoptotic
cascades that ultimately lead to tissue injury. Further studies should reveal the therapeu-
tic potential of pharmacological IL-10 enhancement or supplementation.
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ABSTRACT

Tissue injury as a consequence of ischemia followed by reperfusion is characterized by
early as well as late signs of inflammation. The latter, among others, involves IFN-y
dependent up-regulation of MHC class I and II antigen expression. Employing a murine
model of renal ischemia we show that renal IL-18 mRNA up-regulation coincides with
caspase-1 activation at day 1 following ischemia. IFN-y as well as IL-12 mRNA are sub-
sequently up-regulated at day 6 following ischemia. Combined but not separate /w VMYJ

neutralization of the IFN-y inducing cytokines IL-12 and IL-18 reduces I FN-y dependent
MIR' class I and II up-regulation to a similar extent as IFN-y neutralization, suggesting
the involvement of functional IL-12, IL-18 and IFN-y protein. These results reveal a
novel relationship between tissue injury of non-microbial origin and the induction of IL-
12 as well as 11.-18. The collaboration observed between endogenous IL-12 and IL-18 in
the induction of IFN-y after renal isehemia-reperfusion, resembles the immune response
to bacterial infections.

INTRODUCTION

The sequelae of events following renal ischemia and reperfusion (I/R) involves signs of
not only an early (1) but also a late (2, 3) inflammatory response. The latter is character-
ized by enhanced expression of MHC class I and II antigens which are likely to predis-
pose ischemically damaged kidneys to the development of graft rejection (3-5).
Enhanced MHC expression after I/R is a direct consequence of the potent MHC induc-
ing capacities of IFN-y (6, 7). However, the mechanisms by which IFN-y is induced after
renal I/R still remain to be resolved.

IFN-y. commonly associated with resistance against pathogens, is produced largely by
I'hl-cells and large granular lymphocytes. In particular IL-12 (8), IL-18 (9) and, in an
autocrine fashion, IFN-y (10) are involved in the intricate and tight regulation of IFN-y
expression. Recently, Bohn et al. (11) reported that the LPS induced IL-12 production by
peritoneal macrophages /« uVw is inhibited by IL-18. They subsequently showed that
this inhibitor) effect is suppressed by IFN-y. In addition. />? v/7ro experiments indicated
that IL-12 and IL-18 synergistically enhance production of IFN-y (12, 13). This syner-
gistic mechanism has been attributed to up-regulation of the IL-18 receptor by IL-12
(14). On the other hand, IFN-y production is limited by cytokines capable of suppressing
Thl development such as 1L-10 and IL-13 (15). In line with this, we recently demon-
strated that endogenously produced 1L-10 limits IFN-y induced renal MHC class I and II
expression after I R (4). IL-12 and IL-18 are commonly produced in response to
pathogens and their products, however in this study we investigate the role of IL-12. IL-
18 and consequent IFN-y production triggered by tissue damage resulting from I/R.
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We demonstrate that up-regulation of MHC class I and II antigens following renal 1/R can
be prevented to a similar extent as in mice treated with anti- IFN-y antibodies by com-
bined, but not separate, administration of antibodies directed against 11-12 and IL-18.
This demonstrates for the first time that ischemic tissue damage initiates production of
IL-12 as well as IL-18. Moreover, with respect to the //; vho kinetics of IL-12 and IL-18
we observe a resemblance between renal I/R injury and //j Wv« immunoactivation by
infectious agents.

MATERIALS AND METHODS

ANTIBODIES AND REAGENTS

The following antibodies were used: anti-murine IFN-y mAb F3. was kindly provided by
HBT (Uden. The Netherlands); anti-murine IL-12 mAb (.17.8, was kindly provided by
Prof Trinchieri (Wistar Institute. Philadelphia. PA)( 16); mAb (iLI 13, a control rat lg(il,
was kindly provided by Dr. Savelkoul (F.rasmus University, Rotterdam, The
Netherlands); anti-murine MHC class I mAb m 1/42.3.9.8 and mAb 51)7 producing
hybridomas from the ATTC (Rockville. MI)); anti-murine MHC class II mAb 1182-
168.10 producing hybridoma was kindly provided by I)r Pierres (CNRS INSI.RM,
Marseille. France); anti-murine IL-18 pAb (purified rabbit lg(i) was raised by immuniz-
ing rabbits with recombinant murine IL-18, kindly provided by Dr. Kurimoto (Fujisaki
Institute, Okayama, Japan). Peroxidase conjugated goat anti-rat Ig(i was purchased from
Jackson (West Grove, PA), Ac-YVAD-amc from the Peptide Institute (Osaka. Japan) All
other reagents were purchased from Sigma (St. Louis, MO).

ANIMAL MODEL AND PROTOCOL

All experiments were approved by the Institutional Animal Care Committee of the
University of Maastricht. Renal ischemia was induced as follows: In brief, male Swiss
mice (Charles River Breeding Laboratories, Heidelberg, FRG) were anesthetized and
body temperature was maintained at 39°C. After laparotomy ischemia was induced by
clamping the left renal pedicle for 45 min during which the wound was covered.
Subsequent to removal of the clamp, the contralateral kidney was removed and stored.
After closing the abdomen, 0.25% bupivacaine was applied topically for postoperative
pain management and mice were supplemented with prewarmcd PBS to maintain fluid
balance. At the time of sacrifice (1 and 6 days after ischemia), blood was collected and
the left kidney was harvested.

Mice subjected to ischemia were treated 10 minutes prior to reperfusion with 0.5 ml
PBS i.p. containing either 300 |ig anti- IFN-y mAb F3 (n=20), I mg anti-IL-12 mAb
C17.8 (n=20). 1 mg anti-IL-18 pAb (n=20), a combination of 0.5 mg anti-IL-12 mAb
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C17.8 and 0.5 mg anti-IL-18 pAb (n=20) or PBS only (n=20). Two additional groups that
received isotype-matched control Ab (5D7 a control rat IgG2a mAb; GL113 a control rat
IgGl mAb; n=6 each) when compared to the ischemia/PBS group showed no significant
differences (data not shown) indicating that aspecific IgG does not affect the evaluated
parameters. Treatment of animals to be sacrificed at day 6 was repeated at day 4 after
ischemia. A sham-group (n=12) underwent the same surgical procedure as animals sub-
jected to ischemia except for clamping of the renal pedicle. Sham operated animals were
only treated with PBS The capacity of the anti-IL-18 pAb to block biological activity
was determined by measuring the ability of the anti-IL-18 pAb to neutralize IL-18 medi-
ated enhancement of IFN-y production ;w v//ro by stimulated T-cells (1 mg IgG/ml
inhibits the biological activity of 100 ug of IL-18) (data not shown). Also, the in vivo
neutralizing capacity of the anti-IL-18 pAb used, was confirmed by its effectiveness in
combination with anti-IL-12 mAb as shown by the present results. Dosages of anti- IFN-
y and anli-lL-12 mAb are based on published results (16, 17).

MEASUREMENTS OF RENAL IL-12, IL-18 AND I F N - Y M R N A CONTENT

Total RNA was extracted from kidneys and transcribed into cDNA of which the concen-
tration was subsequently standardized based on the ß-actin cDNA fraction. To determine
renal IL-12 and IL-18 mRNA content, four 2-fold serial dilutions of cDNA were ampli-
fied with specific primers (18, 19). IFN-y mRNA expression was quantitatively measured
by RT-PC'K employing a multispecific control fragment as an internal standard (20).
Relative amounts of IFN-y cDNA in specimens were estimated from concentrations of
control fragment DNA added to achieve equal amplification compared to IFN-y cDNA
employing IFN-y specific primers (20). After separation on 1.5% agarose gel, all PCR
products were estimated by imaging the intensity of ethidium bromide luminescence with
a CCD camera and image analysis with Sigma Gel software (SPSS, Chicago, IL).

QUANTIFICATION OF RENAL CASPASE-1-LIKE ACTIVITY

In order to quantify renal caspase-1 activity, samples were homogenized, snap frozen and
stored at -70°C in a buffer containing 200 mM NaCl. 10 mM Tns HC1, pH 7.0, 5 mM
L-DTA, 10 % glycerol. lmM PMSF. 0.1 uM aprotinin, 1.0 îM leupeptin, and 5 mM oxi-
dized glutathion. Renal lysates (containing 40 (ig total protein) were incubated with 50 ^M
of the fluorogenic substrate Ac-YVAD-amc (caspase-1-like) in a cell-free system buffer
containing 10 mM Hopes. pH 7.4. 220 mM mannitol. 68 mM sucrose, 2 mM NaCl, 2.5 mM
Kl 12PO4.0.5 mM EGTA, 2 mM MgC12. 5 mM pyruvate, 0.1 mM PMSF. and 1 mM dithio-
threitol (21). The release of fluorescent 7-amino-4-methylcoumann was measured for 1 h
at 2 min intervals by speetrofluorometry. Data are expressed as the increase in fluorescence
as a function of time, normalized against data obtained from the sham operated group.
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ENZYME IMMUNO ASSAY (EIA) AND IMMUNOHISTOLOGY FOR MHC CLASS I AND II

For the quantification of MHC class 1 and II antigens in the kidney, an enzyme immuno-
assay (EIA) was employed as previously described (4). In brief, renal tissue was homog-
enized in PBS (20 mg/ml) plus 8 nM deoxyribonuclease 1. 0.4 mM PMSF. incubated with
either mAb ml/42.3.9.8 or mAb H82-168.10, washed, incubated with peroxidase conju-
gated goat anti-rat IgG and washed again. Next, TMB substrate was added in a %-well
sample plate (Costar) to resuspended pellets and OD was determined at 450 nm. All sam-
ples were measured in triplicate. MHC class 1 and 11 content were calculated per mg of
renal tissue and standardized to a standard horseradish peroxidase titration curve. The
obtained MHC class I/II contents are presented relative to the amount of MHC class I/II
in the contralateral control kidney.

For immunohistology of renal MHC class I and II. specimens of harvested kidneys
were immediately frozen and stored at -70°C. Frozen sections (5 um) were stained for
MHC class I with mAb ml/42.3.9.8 (22) and for MHC class II with mAb 1182-168.10
using peroxidase-labeled goat anti-rat Ig(J as the secondary detection mAb and 3-amino-
9-ethylcarbazole (AEC) as a chromogen followed by a hematoxylin counterstain To
block aspecific peroxidase activity sections were prelrcated for 10 min with PBS con-
taining 0.03% H2Ü2. No significant staining was detected in slides incubated with con-
trol mAb instead of the primary detecting mAb indicating the absence of significant
background staining.

ASSAYS FOR RENAL MYELOPEROXIDASE (MPO) AND BLOOD UREA NITROGEN (BUN)

To quantify the extent of renal neutrophil accumulation, renal MPO content was deter-
mined (23). In brief, tissue samples were homogenized in 0.5 % hexadecyltrimelhylam-
monium bromide in 50 mM PBS, pH=6.0, 0.17 g tissue/ml. After heat incubation (2 h,
60°C) and three freeze-thaw cycles, MPO content was measured in triplicate by incubat-
ing supernatants with tetramethylbenzidine (TMB) substrate in a 96-wcll sample plate
(Costar, Cambridge, MA) followed by measurement of optical density (OD) at 450 nm.
MPO activity was calculated per mg renal tissue by comparing OI) of samples with a
standard titration curve of horseradish peroxidase. Data were standardized with respect
to wet/dry ratios of the assayed renal tissue and are presented relative to the amount of
MPO present in the contralateral kidney harvested immediately after ipsilateral reperfu-
sion. Blood urea nitrogen (BUN) was measured in serum obtained at the time of sacrifice
using a BUN unimate 5 kit in a Cobas Fara autoÄnalyzer (Roche, Basle, Switzerland).
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STATISTICS

Data arc expressed the mean ± SF.M, and statistical analysis was performed by Student's
T-tcst. P< Ü.Ü5 was taken to denote statistical significance.

Rj-SULTS

RlNAI. I/R INDUCES ENDOGENOUS IL-18 FOLLOWED BY IL-12 WHICH BOTH MEDIATE

IFN-ym-PENDANT MHC CLASS I AND II UP-REGULATION

ß-actin IL-12 IL-18
Sham

day 1

day 6

[cDNA]

Figure I. Renal IL-18 and IL-12 mRNA levels. Increased renal IL-18 mRNA and decreased
IL-12 p40 mRNA expression at day 1 atk*r I/R compared to kidneys obtained from sham oper-
ated controls. At day 6 renal IL-12 p4() mRNA levels increased compared to sham operated
controls. Shown arc representative samples of which cDNA was amplified in four 2-fold seri-
al dilutions and calibrated against identical levels of ß-actin mRNA.

At day 1 after ischemia increased levels of kidney derived IL-18 mRNA were detected
(Figure 1), while lFN-y mRNA expression remained constitutive (data not shown).
Interestingly, at this timepoint constitutive IL-12 p40 mRNA levels slightly decreased
(Figure 1). In animals sacrificed at 6 days after ischemia significant renal IL-18 mRNA
levels were undetectable, whereas renal IL-12 p40 mRNA levels increased compared to
constitutive levels (Figure 1). At this time. anti-IL-12 or anti-IL-18 Ab administration
neither affected renal IFN-y mRNA levels (Figure 2) nor MFIC class I and II expression
(Figure 3) when compared to PBS treated controls. However, the combined administra-
tion of anti-IL-12 and anti-IL-18 Ab prevented the increase in renal IFN-y mRNA levels
(Figure 2) as well as the up-regulation of renal MHC I and II (Figure 3. 4) at day 6. In
contrast to IL-12, the protein product of IL-18 mRNA translation requires further pro-
cessing by activated caspase-l in order to become mature IL-18 (9, 18). The observed
increase in renal caspase-l-like activity (Figure 5) indicates that the conditions for pro-
cessing IL-18 protein are met for. Indeed, the effectiveness of combined anti-IL-12/18 as
well as anti- IFN-y treatment indicate that IL-12, IL-18 and IFN-y protein are induced in
the present model.
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Figure 2. Renal IFN-ymRNA expression. Increased renal IFN-ymRNA expression al day 6
after ischemia compared to sham-operated animals (n=(>) as measured by quantitative RT-PC'R
is attenuated by anti- IFN-y Ab (n=IO) or combined administration of anli-IL-IS and anti-IL-
12 Ab (n=IO). IFN-ymRNA levels arc expressed relative to ß-actm mRNA levels and normal-
ized to the sham group. Statistical significances compared to sham-operated animals (*) or
compared to PBS treated animals (#) arc indicated. The columns arc means ± SUM. * and # •
P< 0.05.

DELAYED IFN-y DEPENDENT MHC CLASS I AND II UP-REGULATION AFTER RENAL I/R

To explore the mechanisms by which I/R injury initiates IFN-y production and conse-
quent enhanced MHC class I and II expression, we investigated renal IFN-y mRNA lev-
els by means of RT-PCR as well as MHC class I and II expression by employing I-II A. and
immunohistology. In line with previous reports (6, 24), the present findings reveal sig-
nificantly increased levels of IFN-ymRNA (Figure 2) coinciding with significant MHC
class I and II (Figure 3, 4) up-regulation at 6 days following I/R when compared to sham
operated controls. At day 6, tubular epithelium and arterial endothelium stained intense-
ly positive for MHC class I (Figure 4), whereas MHC class II immunoreactivity was con-
fined mainly to tubular epithelium (data not shown). The immunohistological data addi-
tionally showed that the contribution of infiltrating immune cells to I/R induced MIIC
class I and II up-regulation was insignificant and that MHC class I and II immunostain-
ing was most prominent in the outer stripe of the outer medulla. As previously reported
(8, 30, 31), the observed postischemic renal MHC class I and II up-regulation is an IFN-
y dependent process since the present results show a significant reduction in anti- IFN-y
treated mice when compared to PBS treated controls (Figure 3).
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Figure 3. Renal MMC I and II antigen expression. Compared to sham-operated animals (n=6),
renal expression of MMC class I (A) and MMC class II (B) at day 6 after ischemia was enhanced
as assessed by enzyme immuno-assay. This enhanced expression was equipotentialy prevented
by anti-IFN-y(n=IO) and combined anti-IL-12 18 (n=10) treatment. Statistical significances
compared to sham-operated animals (*.**) or compared to PBS treated animals (#) arc indi-
cated. The columns arc means ± SEM. * and # = P< 0.05; • • = P< 0.01.
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Figure 4. Immunohistology tor renal MHC class I expression. MHC class I antigen expression
as visualized by employing mAb ml 42.3.9.X is up-regulated on tubular epithelium at day d
after I R in PBS treated animals (A). In contrast, at this timcpomt only constitutive MIR' class
I expression was observed on arterial cndothelium and tubular epithelium in animals treated
with anti-IL-12/18 (B). anti- IFN-y. in contralatcral control kidneys or in kidneys obtained from
sham-operated animals, (magnification 2(M)x).

I I.»

Stiwn i/R PBS 0»y 1

0.S

Intervention«

Figure 5 Renal caspasc-1-likc activity. Increased caspasc-l-likc activity as determined kmeti-
cally in kidneys obtained from PBS treated animals (n-10) obtained after I day of reperfusion
in a fluorogcnic substrate assay in which Ac-YVAD-amc (caspasc-l-likc) served as a substrate.
Data arc expressed as the increase in fluorescence as a function of time, normalized against data
obtained from the sham operated group (n=6). Statistical significance compared to PUS treat-
ed animals was denoted at P< 0.01 (**) and compared to kidneys obtained from sham-operat-
ed animals at P< 0.01 (##). The presented data arc means ± StM.

ENDOGENOUS IL-12 AND/OR IL-18 DO NOT MF.DIATK THF. EARLY INFLAMMATORY

RESPONSE INDUCED BY RENAL I/R

Compared to sham operated animals. I/R increased kidney neutrophil accumulation and

impaired kidney function (Figure 6) at day 1 after ischemia as measured by renal MPO

and BUN content respectively. We investigated whether endogenous IL-12 and/or IL-IS
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mediate these early consequences of ischemic tissue injury. The administration of anti-
II--12 Ab, IL-18 Ab or a combination of both regimens failed to attenuate kidney neu-
trophil accumulation and deterioration of renal function (Figure 6) suggesting that these
cytokines at this stage do not mediate reperfusion injury.
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Figure 6. Renal ncutrophil influx and function. Compared to sham-opcratcd animals (n=6),
ncutrophil influx (A) is up-regulated and renal function (B) impaired at day I after renal
ischemia as measured by renal mvelopero.xidasc (MPO) increase and blood urea nitrogen
(BUN) content, respectively. Note that all employed treatment regimens fail to attenuate this
initial response (n=IO for each group). The statistical significant difference between PBS treat-
ed animals subjected to I R and sham-operated controls is indicated. The data shown are means.
± SEM is included for the PBS treated group. **

70



R o l c o f l F N - y . I L - 1 2 a n d I L - 1 S

DISCUSSION

IFN-y is produced by T-cells and NK-cells following stimulation with 11.-12 and or IL-
18. The production of the heterodimeric cytokine IL-12 is tightly controlled by expres-
sion of the p40 subunit gene in macrophages, but also in tubular epithelial cells (25) when
stimulated with, among others, bacteria or bacterial products (18). IL-18 on the other
hand is an IFN-y inducing cytokine expressed by a far wider range of cell types and tis-
sues than IL-12 (18). This may account for the observed renal II.-18 mRNA increase
coinciding with the absence of significant IL-12 p40 mRNA induction aller I R.
Alternatively, based on experiments with Yersinia enterocolitica infected mice, Bohn et
al. suggested that IL-18 downregulates local production of IL-12, which can be overruled
by IFN-y (1 1). They showed that low amounts of IL-18 induced IFN-Y '" '"™ "™y <^''"
vate macrophages to produce IL-12 which subsequently synergi/es with IL-18 to pro-
duce high amounts of IFN-y Interestingly, in the present model such a mechanism may
account for the observed downregulation of renal IL-12 p40 mRNA expression at day 1
and subsequent up-regulation at day 6 (Figure 1). Moreover, it may account for our Und-
ing that only anti- IFN-y and combined anti-IL-12/18 treatment prevented I/R induced
enhanced renal IFN-y mRNA production (Figure 2) and subsequent MIIC class I and II
expression (Figures 3, 4).

Local tissue damage as a result of an infection may facilitate penetration of additional
pathogens in an infected organ. It is tempting to speculate that IL-12/18 driven IFN-y and
subsequent MHC up-regulation in response to tissue injury is a functionally important
mechanism that primes injured tissue for enhanced immunosurveillance. If microbial
induced cell death would lead to the observed late cytokine alterations and consequent
induction of MHC antigens, this mechanism would target infected cells for recognition
and elimination by T-cells (26, 27). Hence, MHC antigen up-regulation as a consequence
of I/R induced tissue damage may also facilitate the T-cell response to invading
pathogens. Besides ischemic damage, IFN-y production as well as MHC up-regulation
are associated with poor allograft survival (28).

Many studies mainly focused on the potential involvement of IL-12 and/or IL-18
induced IFN-y production in host defense. The present findings for the first time indicate
a relationship between tissue injury of non-pathogenic origin and the induction of both
IL-12 and IL-18 collaborating in enhancing IFN-y production m v;V«. The similarities
observed between mechanisms of IFN-y induction during bacterial infections and non-
microbial lesions such as renal I/R injury raise the hypothesis that aspecific tissue dam-
age contributes extensively to regulation of IFN-y production. However, to which extent
these findings apply to other (non-) microbial stimuli remains to be elucidated.
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ABSTRACT

Ischemia followed by reperfusion leads to severe organ injury and dysfunction.
Inflammation is considered to be the most important cause of tissue injury in organs sub-
jected to ischemia. The mechanism that triggers inflammation and organ injury after
ischemia remains to be elucidated, although different causes have been postulated. We
investigated the role of apoptosis in the induction of inflammation and organ damage
after renal ischemia. Using a murine model, we demonstrate a relation between apopto-
sis and subsequent inflammation. Administration at the time of reperfusion of the anti-
apoptotic agents insulin like growth factor-1 (1GF-1) and zVAD-fmk, a caspase inactiva-
lor, prevented the early onset of renal apoptosis but also inflammation and tissue injury.
Conversely, when administered after onset of apoptosis, these protective effects were
completely abrogated The presence of apoptosis was directly correlated with post-trans-
lutional processing of the chemoattractant endothelial monocyte-activating polypeptide II
(liMAP-ll), which may explain apoptosis-induced influx and sequestration of leukocytes
in the reperfused kidney. These results strongly suggest that apoptosis is a crucial event
that can initiate reperfusion induced inflammation and subsequent tissue injury.
Described new pathophysiological insights provide important opportunities to effective-
ly prevent clinical manifestations of reperfusion injury in the kidney, and potentially in
other organs.

INTRODUCTION

Central organ systems including heart, brain, gut and kidney are particularly sensitive to
ischemia followed by reperfusion (I/R). Renal I/R injury alone imposes a significant bur-
den upon health-care by restricting function and availability of donor kidneys for trans-
plantation and as a serious complication of circulatory shock.

Inflammation has been indicated as a major cause of I/R induced tissue injury, since
therapeutic strategies aimed to reduce inflammation often ameliorate I/R injury (1). The
local inflammatory reaction following reperfusion involves cytokines such as pro-inflam-
matory TNF-n as well as recruitment of neutrophils. /A; V/7/Y) studies imply roles for anox-
ia induced release of chemokines and neutrophil-endothelium interactions (2. 3) in the
induction of inflammation after I/R. Nevertheless, little is known about the specific
events that trigger this inflammatory response /w v/vo.

The present study investigates whether another early consequence of I/R. apoptotic cell
death (4). contributes to the inflammatory response in a murine model of renal I/R. Our
results challenge the paradigm stating that apoptosis represents a physiological mode of
cell deletion allowing disposal of superfluous cells with minimal tissue reaction or even
with active restraining of inflammation (5). We show that exogenous insulin-like growth
factor 1 (ICiF-l). a growth and survival factor, as well as the active caspase inhibitor Z-
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Val-Ala-Asp(OMe)-CH2F (zVAD-fmk) attenuate reperfusion induced intlammation,
most likely as a consequence of their ability to inhibit apoptosis /« v/vo. These findings
strongly suggest that apoptotic cell death, either directly or indirectly, significantly con-
tributes to I/R induced inflammation as well as to consequent tissue damage and may pro-
vide new therapeutic means to treat I/R injury.

MATERIALS AND M E T H O D S

ANTIBODIES AND REAGENTS

Anti-murine neutrophil mAb Gr-1 from Pharmingen (San Diego, CA); peroxidase con-
jugated goat anti-rat and peroxidase conjugated goat anti-rabbit lg(i from Jackson (West
Grove, PA); peroxidase conjugated sheep anti-digoxigenin, digoxigenin 11-dlITP and
TdT from Boehringer Mannheim (Mannheim, FR(i); peroxidase conjugated rabbit anti-
sheep IgG from DAKO (Copenhagen, Denmark); the rabbit antiserum SA 2846 was gen-
erated (Eurogentec, Seraing. Belgium) against human recombinant mature EMAP-II (23
kDa) and recognized murine EMAP-II; Taq polymerase from Perkin Elmer (Norwalk,
CT); LY294002 from Calbiochem (La Jolla, CA); recombinanl human KJF-I was kind-
ly provided by Dr. HP. Guler (Chiron Corporation, Emeryville. CA); /VAD-lmk and
ZFA-fmk from Enzyme Systems (Livermore, CA); Ac-YVAD-amc and Ac-DEVD-amc
from the Peptide Institute (Osaka, Japan). All other reagents were purchased from Sigma
(St. Louis, MO).

RENAL ISCHEMIA/REPERFUSION INJURY MODEL

Male Swiss mice weighing 20-25 g were obtained from Charles River Breeding
Laboratories (Heidelberg, FRG) and housed individually in standard laboratory cages
with ad libitum access to food and water. The studies were approved by the Institutional
Animal Care Committee of the University of Maastricht At the start of the experiments,
mice were anesthetized with sodium pentobarbital (50 mg/kg i.p.). A rectal probe (Cole-
Palmer, Vernon Hills, IL) to monitor body temperature was inserted and body tempera-
ture was maintained at 39°C by a heating lamp until animals recovered from anesthesia.
Ischemia was induced by clamping the left renal pedicle for 45 min using a non-traumatic
vascular clamp through a midline abdominal incision. After removal of the clamp the left
kidney was inspected for restoration of blood flow. Next, the contralateral kidney was
removed and stored for further analysis. The abdomen was closed in two layers and
0.25% bupivacaine was applied topically for postoperative pain management. Finally, to
maintain fluid balance and volume status, mice were supplemented with 1 ml prewarmed
(37°C) PBS s.c. The animals were sacrificed on different timepoints ranging from just
before, through 24 h after reperfusion. At the time of sacrifice, blood was collected by
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orbital puncture and the left kidney was harvested for further analysis.
At the time of reperfusion mice were administered 100 (g recombinant human IGF-1

s.c. (n=10), 30 ug zVAD-fmk in 1% DMSO i.p. (n=10) or 20 ug recombinant human
EOF s.c. (n=10) dissolved in 0.3 ml PBS. In separate groups 15 ug LY294002 i.p. in 0.3
ml PBS containing 1% DMSO was administered with (n=10) or without (n=10) IGF-1
treatment. Also in separate groups, IGF-1 (n=10) or zVAD-fmk (n=10) were administered
under similar conditions except after 2 h of reperfusion. Neither the solvent DMSO nor
treatment with 30 ng Z-Phe-ala-Ch2F (ZFA-fmk) in 1% DMSO as a negative control for
the caspase inhibiting properties of zVAD-fmk affected the outcome of performed exper-
iments as compared to PBS treatment (data not shown). Therefore, the control group was
treated with vehicle consisting of 0.3 ml PBS s.c. (n=12). A sham-group (n=12) was sub-
jected to the same surgical procedure without clamping of the renal pedicle, treated with
PBS and sacrificed at corresponding timepoints. Dosages selected were based on pilot
experiments with respect to zVAD-fmk and LY294002 (data not shown) and on studies in
which IGF-1 or I-XJF were found to attenuate renal reperfusion injury (6).

ASSAYS POR MYI-I.OPLROXIÜASL (MPO) AND BLOOD UREA NITROGEN (BUN)

To quantify the extent of renal neutrophil accumulation, renal MPO content was deter-
mined. Snap-frozen samples were thawed, homogenized for 30 seconds using a tissue
homogenizer (T25B, IKA GmbH, Stauten, FRG) at 20.000 rotations/min in 0.5% hexa-
decyltiimethylammonium bromide dissolved in 50mM PBS pH=6.0 and made up to con-
centrations of 0.17 g renal tissue/ml. After heat incubation (2 h, 60°C) in a water bath to
verify myeloperoxidase heat resistance, samples were frozen and thawed in order to
release cellular MPO. Next, samples were spun at 11,000 g for 5 min and supernatants
were collected. I-nzymatic detection of myeloperoxidase was performed in a 96-well
plate (C'ostar, Cambridge, MA). Assay mixtures consisted of 40 fal H,O, (final concen-
tration 0.3 mM) in 80 mM PBS pH=5.4 and 40 u.1 in 0.5% hexadecyltrimethylammoni-
iim bromide, 50 mM PBS pH=6.0 containing diluted sample. The reaction was initiated
by addition of 20 ul tetramethylbenzidine (final concentration 1.6 mM) in dimethyl sul-
foxide and stopped after 15 min by the addition of 50 ul well 1 M H^SO.,. Subsequently,
optical density (OD) was determined at 450 nm. All samples were assayed in triplicate.
MPO activity was calculated per mg renal tissue by comparing OD of sample wells with
a titration curve of horseradish peroxidase. The obtained relative MPO activities were
standardized with respect to wet/dry ratios of the assayed renal tissue and are presented
relative to the amount of MPO present in the contralateral kidney harvested immediate-
ly after reperfusion and normalized with respect to the MPO increase at day 1 in PBS
treated mice subjected to I/R. BUN content was measured in serum obtained by orbital
punction at the time of sacrifice using a BUN unimate 5 kit in a Cobas Fara autoanalyzer
(Roche, Basle. Switzerland).
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APOPTOSIS ASSAYS

Histological aspects of apoptosis were studied by standard terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling (TUNHL histology). To this end, 8
^m frozen sections were fixed for 30 min in 4% buffered formaldehyde, washed in PUS,
pretreated for 10 min with PBS containing 0.6% HXK and washed again. DNA fragments
were elongated and labeled with TdT and digoxigenin 11-dUTP. Subsequently, sections
were treated with sheep anti-digoxigenin Ab and washed. Finally, peroxidase-labeled
rabbit anti-sheep Ab, preincubated for 30 min in 10% murine serum, was applied and
after washing developed with diaminoben/.idine substrate. Sections pretreated with
DNAse 1 in order to nick all DNA, served as positive controls.

In order to quantify renal caspase activity, fluorogenic substrates were employed with
predominant caspase-1-like and caspase-3-like affinities. Samples were homogenized,
snap frozen and stored at -70°C in a buffer containing 200 mM NaC'l, 10 mM Ins IK'I,
pH 7.0, 5 mM EDTA, 10% glycerol, 1 mM PMSF, 0.1 uM aprotinin, 1.0 uM leupeptin,
and 5 mM oxidized glutathion. Renal lysates (containing 40 ug total protein) were incu-
bated with 50 uM of the fluorogenic substrates Ac-YVAD-amc (caspase-1-like) or Ac-
DHVD-amc (caspase-3-like) in a cell-free system buffer containing 10 mM Hopes, pH
7.4, 220 mM mannitol. 68 mM sucrose, 2 mM NaC'l. 2.5 mM KII,P().,. 0 5 mM IXiTA,
2 mM MgCK, 5 mM pyruvate, 0.1 mM PMSF, and 1 mM dithiothreitol. The release of
fluorescent 7-amino-4-methylcoumarin was measured for 1 h at 2 min intervals by spec-
trofluorometry (Cytofluor, PerSeptive Biosystems, Cambridge, MA) Data are expressed
as the increase in fluorescence as a function of time, normalized against data obtained
from the sham operated group.

The presence of intemucleosomal DNA cleavage in kidneys was investigated with a
commercially available ligase-mediated (LM)-PCR assay kit (Apoalert. (lontech, Palo
Alto, CA) enabling semiquantitative measurement of the extent of apoptosis In brief,
DNA was isolated from tissue samples previously frozen at -70°C employing a com-
mercially available DNA purification kit (Wizard, Promega, Madison, WI) according to
the manufacturers instructions. DNA purity and concentration were determined by elec-
trophoresis through a 0.8% agarose gel containing ethidium bromide followed by visual-
ization under ultraviolet illumination as well as by measuring absorbance at 260/280 nm.
Dephosphorylated adaptors were ligated to 5'-phosphorylated blunt ends with T4 DNA
ligase (during 16 h at 16°C) and served as primers in a LM-PCR under the following con-
ditions: hotstart (72°C for 8 min, Taq polymerase added after 3 min), 25 cycles (94°C for
15 seconds and 72°C for 180 seconds), post-cycling (72°C for 15 min). To confirm that
equal amounts of DNA were used for PCR, an internal control that consisted of DNA
amplification with En-2 primer pairs was performed. Amplified DNA was subjected to
gel electrophoresis on a 1.2% agarose gel containing ethidium bromide.

79



Chapter 4

HISTOLOGY

Histological aspects of apoptosis were studied to verify that I/R also induced morpho-
logical characteristics of apoptosis. Kidneys were fixed in situ by perfusion with 2.5%
glutaraldehyde in phosphate buffer through a left ventricular cardiac catheter in anes-
thetized mice after 3 h of reperfusion. After perfusion fixation renal specimens contain-
ing outer medulla segments were fixed in 2.5% glutaraldehyde overnight. Next, segments
were postllxed in 1% osmium tetroxide, dehydrated in graded alcohols and embedded in
Hpon 812 plastic. Finally, sections (I jam) were stained with toluidine blue for light-
microscopic examination.

From animals in the different treatment groups, specimens of harvested kidneys were
immediately frozen and stored at -70°C. Sections (5 urn) were stained for neutrophils
with mAh (ir-1 using peroxidase-labeled goat anti-rat igG as the secondary detection
mAb and .Vamino-9-ethylcarbazole (AFX') as a chromogen followed by a hematoxylin
counterstain. To block aspecific peroxidase activity sections were pretreated for 10 min
with PBS containing 0.03% HjO,. No significant staining was detected in slides incubat-
ed with control mAb instead of the primary detecting mAb.

WESTERN BLOT ANALYSIS

Frozen samples of harvested kidneys were homogenized in a buffer containing 200 mM
NaC'l, 10 mM Tris IK'l, pH 7.0, 5 mM HDTA, 10% glycerol, 1 mM PMSF and 0.1 uM
aprotinin. Al\er centrifugation at 15000 g, protein in the supematants was quantified by
the Bradford method, boiled in Leammli buffer and 35 ug protein per lane was elec-
trophoresed in 15% SDS/PAGE. Proteins were transferred to nitrocellulose membranes,
which were subsequently blocked with PBS/5% nonfat dry milk and incubated for 3 h
with F.MAP-ll antiserum (SA 2846, diluted 1:2000 in PBS/0.1% Tween 20). After wash-
ing, the membranes were incubated for 2 h with peroxidase-labeled goat anti-rabbit IgG
(diluted 1:2000 in PBS/0.1% Tween 20), washed and developed by enhanced chemilu-
minescence.

STATISTICS

Data are expressed as the mean ± SEM and statistical analysis was performed by
Student's T-test. P<0.05 was taken to denote statistical significance.
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RESULTS

RENAL I/R INDUCES APOPTOSIS AND SUBSEQUENT INFLAMMATION

In order to determine the extent of apoptosis and exclude necrosis or mechanisms inde-
pendent from apoptosis as main contributors to DNA fragmentation different techniques
were employed. Kidneys were investigated by TUNEL histology in order to localize
DNA fragmentation after reperfusion. Further, for morphological assessment of apopto-
sis toluidine blue histology was performed using plastic embedded tissues. Also, caspase-
like activities and internucleosomal DNA cleavage were measured in homogenates of
kidneys obtained after reperfusion.

Figure 1 Representative light micrographs showing evident in situ detection of [)NA nick ends
by TUNEL histology (A.B.C). The tubular epithelial cells of the outer medulla of biopsies
obtained after 2 h of reperfusion showed positive staining (A), in contrast to kidneys obtained
from sham operated mice (B) (magnification 25Ox). The presence of apoptotic bodies could be
detected extraccllularly and extruded into the tubular lumen after 2 h of reperfusion (C ) (mag-
nification lOOOx). Toluidine blue stains of I urn sections, obtained from kidneys that were in
situ fixed after 3 h of reperfusion and subsequently plastic embedded (D,L), revealed the pres-
ence of dense condensation of nuclear chromatm and nuclear fragmentation in apoptotic tubu-
lar epithelial cells (arrow) in the outer medulla (D), while morphological attributes of tubular
epithelial cell apoptosis were generally absent in sham operated mice (E) (magnification
lOOOx).
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TUNHL positive nuclei, restricted mainly to the tubular epithelial cells of the outer
medulla, were identified in biopsies obtained after as early as 2 h of reperfusion (Figure
la,b). At his timepoint, TUNKL histology revealed the extracellular presence of apop-
totic bodies, which were often extruded into the tubular lumen (Figure lc). In a separate
group ol mice sacrificed after 3 h of reperfusion, toluidine blue stained 1 U.M sections
showed dense condensation of nuclear chromatin and nuclear fragmentation in apoptot-
ic tubular epithelial cells (Fig, ld,e). In addition, increased renal caspase-1-like and cas-
pase-3-like activities (Figure 2) as well as apparent internucleosomal DNA cleavage
(Figure 3) were observed after 2 h of reperfusion.
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Figure 2. Renal caspase-like activities were determined kinetically in homogenates of tissue
obtained aller 24 (A.B) and 2 h (CD) of renal reperfusion in a fluorogenic substrate assay in
which Ac-YVAD-amc (caspase-1-like) (A.C) or Ac-DEVD-amc (caspase-3-like) (B.D) served
as substrates. Note that these data may represent a more generalized form of caspase activation
as outlined in the main text. Data are expressed as the increase in fluorescence as a function of
time, normalized against data obtained from the sham operated group. The groups that indicate
t=2 on the x-axis received the indicated treatment after 2 h of reperfusion. All other groups were
treated at the time of reperfusion. Statistical significance compared to control treated animals
was denoted at P<0.05 (*) or P<0.01 (**) and compared to contralateral control kidneys at
P<0.05 (#) or P<0.0l (##). The presented data are means ± SEM.
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As previously documented (4), after 1 day of reperfusion the number of tubular epithe-
lial cells containing TUNEL positive nuclei had increased and TUNHL positive nuclei of
infiltrating immune cells were observed (data not shown). Also at this time, increased
renal caspase-1 (Figure 2a) and caspase-3-like (Figure 2b) activities were detected.
Together with the observed occurrence of intemucleosomal DNA cleavage (Figure 3)
these findings suggest the presence of ongoing renal apoptosis, starting as early as 2 h
after reperfusion.

IGF-1 abrogates early apoptosis, impaired renal function and inflammation induced by
I/R. We first investigated the relation between I/R induced apoptosis and inflammation
by employing IGF-1, because pilot experiments revealed that this agent prevented I/R
induced apoptosis in murine kidneys. Administration of IGF-1 at the time of reperfusion,
as opposed to administration of PBS, prevented apoptosis as indicated by a decreased
number of TUNEL-positive nuclei (data not shown), decreased caspase-like activities
(Figure 2) and the absence of apparent intemucleosomal DNA cleavage (Figure 3). These
data reveal the anti-apoptotic potential of IGF-1 in an early phase atier renal ischemia.
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Figure 3. The extent of renal apoptosis in different treatment groups is also reflected by the
presence of fragmented DNA (as a result of intemucleosomal DNA cleavage) amplified by
LM-PCR and visualized on ethidium-bromidc-staincd gel. M, molecular weight markers
(range, 100 to 2000 base pairs).

Next, we studied whether abrogation of early apoptosis affects later consequences of
renal I/R. IGF-1 administration at the time of reperfusion prevented the I/R induced
impairment of renal function as reflected by increased BUN content at day 1 (Figure 4).
Moreover, IGF-1 treatment limited I/R induced inflammation at that timepoint by reduc-
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mg the renal influx of neutrophils as reflected by the presence of Gr-1 positive cells
(Figure 5a,b) and the increased renal MPO activity (Figure 5c). Taken together, these
findings indicate that exogenous IGF-1 prevents I/R induced apoptosis. impairment of
renal function and inflammation.

Protection from I/R induced apoptosis by IGF-1 is mediated by PI3 kinase. PI3 kinase,
an important component of signal transduction by insulin family receptors, has been
reported to mediate anti-apoptotic signaling by IGF-1 /« v//ra (7). In order to investigate
more closely the mechanisms by which IGF-1 attenuates reperfusion induced apoptosis
as well as inflammation, we treated mice with a combination of IGF-1 and LY294002, a
selective PI3 kinase inhibitor (8). In contrast to IGF-1 treatment, combined administra-
tion of IGF-1 and LY294002 at the time of reperfusion failed to prevent apoptosis. Such
treated animals exhibited an abrogation ofIGF-1 induced inhibition of apoptosis, result-
ing in increased numbers of TUNIiL-positive nuclei (data not shown), significant cas-
pase-like activity (Figure 2) as well as apparent internucleosomal DNA cleavage (Figure
3) at 1 day after I/R. Moreover, at this timepoint they exhibited a decreased renal func-
tion (Figure 4) and an increased renal neutrophil influx (Figure 5c) when compared to
l( II-1 treated animals I,Y2'MO()2 compared to PBS treatment did not result in significant
differences with respect to any of the parameters evaluated (Figure 2-5). These data
demonstrate that /w v/v« anti-apoptotic signaling by IGF-1 is mediated by the PI3 kinase
pathway.
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Inflammation is dependent on antecedent apoptosis after renal I/R. Besides anti-apoptot-
ic properties, IGF-1 has a well documented mitogenic potential that may contribute to the
repair and recovery of ischemically injured renal tissue. To address the question whether
the mitogenic effects of IGF-1 were responsible for the observed prevention of apoptosis
and inflammation in our model, we treated mice with epidermal growth factor (EGF), a
powerful mitogen for renal epithelial cells. EGF administered at the time of reperfusion
failed to prevent reperfusion induced renal apoptosis as reflected by increased numbers
of TUNEL-positive nuclei (data not shown), caspase-like activity (Figure 2) and appar-
ent intemucleosomal DNA cleavage (Figure 3) at day 1. Hence, the absence of any anti-
apoptotic effect excludes that EGF, as opposed to IGF-1, functions as a survival factor in
the model employed. Moreover, as opposed to IGF-1, EGF prevented neither I/R induced
impaired renal function (Figure 4) nor inflammation (Figure 5c) at day 1.
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Figure 5. Representative light micrographs (A,B) showing infiltrating ncutrophils in areas with
impaired renal morphological intcgnty in biopsies obtained from mice subjected to renal IK
after I day of reperfusion (A). Ncutrophils were stained with the anti-munnc ncutrophil mAb
Gr-I. Neither loss of morphological integrity, nor infiltrating ncutrophils in kidneys obtained
from sham operated mice (B) (magnification 200x). Neutrophil influx was assessed quantita-
tively by determination of MPO increase at 2 h and I day of reperfusion (C). Values arc pre-
sented relative to the amount of MPO present in the contralatcral kidney harvested immediate-
ly after reperfusion and normalized with respect to the MPO increase at day I in PBS treated
mice subjected to I R Statistical significance as compared to control treated animals was denot-
ed at P<0.05 (*). The presented data are means 2 StM.
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To investigate whether in our model the anti-inflammatory effect of exogenous IGF-1 is
a direct effect rather than a consequence of the absence of apoptosis, mice were treated
with the tripeptide caspase inhibitor zVAD-fmk at the time of reperfusion as well as after
2 h of reperfusion. At the latter timepomt the presence of renal apoptosis is evident
(Figure 1), while on the other hand, an inflammatory response as defined by the present
parameters cannot yet be distinguished (Figure 5c). In line with a recent report on car-
diac I/R (9), we show that zVAD-fmk administered at the time of reperfusion complete-
ly abrogated renal apoptosis (Figure 2,3). In addition, zVAD-fmk administered at the
time of reperfusion prevented the impairment of renal function (Figure 4) as well as the
development of the inflammatory response (Figure 5c) at day 1. In contrast, zVAD-fmk
administered after 2 h of reperfusion not only failed to attenuate the extent of the already
initiated apoptotic response (Figure 2,3) but also failed to attenuate subsequent impair-
ment of renal function (Figure 4) and the inflammatory response (Figure 5c). Similarly,
at day I no reversement of renal apoptosis could be detected in mice that received IGF-
I after 2 h of reperfusion (Figure 2,3) and animals exhibited signs of impaired renal func-
tion (Figure 4) and inflammation (Figure 5c) similar to PBS treated animals. These find-
ings indicate that development of inflammation is dependent on antecedent apoptosis
after I/R. Since abrogation of apoptosis by IGF-1 or zVAD-fmk limits I/R induced
inflammation, apoptosis is a likely candidate for induction of inflammation in the model
employed.
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Figure 6. Post-translational processing of the EMAP-II protein is induced in parallel with apop-
tosis as early as alter 2 h of reperfusion. Western blots were performed with protein isolated
from kidneys from mice that were sacrificed after different periods of reperfusion. Incubation
with the I-MAP-II antiserum SA 2846 revealed constitutive expression of inactive pro-EMAP-
II. which resulted in a 43 kDa band. Alter 2 h of reperfusion the presence of 23 kDa mature
EMAP-II was observed, which was even more apparent after 24 h of reperfusion. Anti-apop-
totic treatment at the time of reperfusion with IGF-1 or zVAD-fmk evidently inhibited IR
induced EMAP-II maturation.

Post-translational processing of KMAP-II coincides with I/R induced apoptosis and is
inhibited by IGF-1 and zVAD-fmk. The precursor form of the chemokine EMAP-II can
serve as a target substrate for activated caspases (10). We investigated the effect of I/R
on post-translational processing of HMAP-I1 by Western-blotting. Figure 6 shows that
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I/R results in enhanced cleavage of the 43 kDa EMAP-II precursor as early as after 2 h
of reperfusion. The active 23 kDa cleavage product remained detectable in kidneys sub-
jected to 24 h of reperfusion. Hence, the formation of functional EMAP-II coincides with
the manifestation of apoptosis after renal I/R. EMAP-II activation was clearly inhibited
in kidneys obtained from sham-operated animals or from mice treated with /VAD-fmk at
the time of reperfusion, after 2 h (data not shown) or 24 h (Figure 6) of reperfusion. At
these timepoints, animals that were treated with IGF-1 at the time of reperfusion exhib-
ited only low-intensity 23 kDa bands (Figure 6). Digital image analysis of activated
EMAP-II protein band intensities of the representative EMAP-II Western blot (Figure 6)
reveals that the intensity of the 23 kDa band after IGF-1 treatment is approximately 5%
of the 23 kDa band intensity 24 h after PBS treatment. These findings are in line with the
other parameters measured in IGF-1 treated animals. As shown in Figure 6. the forma-
tion of 23 kDa EMAP-II also resulted in formation of bands representing a molecular
mass between 23 and 43 kDa. which has been suggested to be the result of intermediate
cleavage product formation (10). These results demonstrate that renal 1/R induces
EMAP-II activation. Both IGF-1 and the caspase inhibitor /VAD-fmk strongly reduce
EMAP-II activation, which may explain the observed ability of these agents to inhibit the
apoptosis-induced inflammatory response after renal I/R.

DISCUSSION

We hypothesized that apoptosis following I/R constitutes a potential trigger of inflam-
mation and studied this possibility by employing inhibitors of the apoptotic response in
a murine model of renal I/R. Evidence for the early involvement of apoptosis is provid-
ed by the presence of DNA fragmentation, morphological features characteristic for
apoptosis as well as increased caspase-1 and caspase-3 like activities in kidneys after 2
h of reperfusion. These findings are in line with various /'« vm; and /« iv'/r» reports show-
ing that renal apoptosis after ischemia is induced by hypoxia (11) and ATP depletion (12).
In addition, hydrolyzation of the plasma membrane component sphingosine and conse-
quent liberation of ceramide has been reported to initiate apoptosis after as early as 30
min of renal reperfusion (13). Furthermore, during I/R induced inflammation at day I,
upregulated Fas (4) (capable of inducing apoptosis independent of ceramidc-signaling),
TNF-a (14) as well as p53 (15) have been associated with I/R induced apoptosis. In con-
trast, our /« VMYJ findings clearly differ from data presented by Ueda et al. who reported
that anoxia followed by reoxygenation of isolated rat proximal tubules />; iv'/rr; may occur
without morphological aspects of apoptosis (16).

The present findings show that mice treated with a single dose of IGF-1 at the time of
reperfusion exhibited abrogation of apoptosis as demonstrated by decreased numbers of
TUNE-.L-positive nuclei, decreased renal caspase-like activities and the absence of appar-
ent internucleosomal DNA cleavage These results confirm that IGF-1 is a potent
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inhibitor of reperfusion induced apoptosis. Also zVAD-fmk, a broad spectrum inhibitor
of activated caspases, abrogated I/R induced apoptosis, while ZFA-fmk, a homologous
peptide lacking the caspase inhibiting properties of zVAD-fmk failed to prevent apopto-
sis. Hence, inhibition of apoptosis prevented the loss of kidney function and the devel-
opment of an inflammatory response. In contrast, administration of anti-apoptotic IGF-1
or zVAD-fmk after 2 h of reperfusion (after the onset of apoptosis) failed to prevent loss
of kidney function and inflammation. Thusfar, few studies have addressed the potential
of IGF-1 in ischemia induced apoptosis (17. 18). The latter report assumed a distinct
"anti-neutrophil property" besides anti-apoptotic effects of IGF-1. In contrast, our find-
ings clearly define apoptosis as an event arising proximal to the onset of I/R induced
inflammation

We investigated whether mechanisms other than inhibition of apoptosis contributed to
the anti-inflammatory and renal function improving effects of IGF-1 and zVAD-fmk.
Caspase-1 as well as caspase-3-like activity during I/R induced apoptosis were signifi-
cantly prevented by IGF-1 or zVAD-fmk administered at the time of reperfusion. While
caspase-3 activation reflects many forms of apoptosis (19), a functional role ofcaspase-
I during apoptosis appears to be restricted to cell death induced bv specific agents such

as FasL (20) and gran/yme B (21). Caspase-1, also referred to as IL-1 converting enzyme
(ICH), is involved in, but not essential to the maturation of IL-1 and IL-18 (22, 23).
Therefore, activated caspase-1 induced release of IL-1 and/or IL-18 may contribute to the
inflammatory response after I/R (23). However, in line with recent observations (24),
inhibition of endogenous IL-1 (data not shown) and also IL-18 (25) only minimally
decreased renal influx of neutrophils and loss of kidney function after 1 day of reperfu-
sion when compared to administration of IGF-1 or zVAD-fmk (data not shown). Finally,
it has to be taken into account that the measured renal caspase-like activities are likely to
represent a more generalized form of caspase activation, since enzymatic activities of
caspase-1 and caspase-3 on Ac-YVAD-amc and Ac-DHVD-amc have been shown to be
not fully specific (26).

The anabolic effect attributed to the growth factor IGF-1, putatively leading to
enhanced tissue repair, may add to the therapeutic effect of IGF-1 (6). Moreover. IGF-1
induced renal NO can improve kidney function by directly enhancing renal circulation
(27) as well as by contributing to limitation of apoptosis through inhibition of caspases
(28). However, direct anti-inflammatory effects of IGF-1 have not been previously
reported The present findings show that neither treatment with F.GF, a renotropic growth
factor with anabolic effects similar to IGF-1 (29). nor treatment with IGF-1 or zVAD-fmk
altar 2 h of reperfusion. attenuated the loss of kidney function or inflammation.

Similar to /w v/7m observations (7, 30), we further showed by co-administrating the PI3
kinase inhibitor LY294002. that P13 kinase constitutes an essential component of IGF-I
receptor mediated anti-apoptotic signaling //i vivo. Taken together, these results demon-
strate that the anti-inflammatory efleets of IGF-1 and zVAD-fmk are distinctively medi-
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ated by anti-apoptotic signaling rather than by inhibition of IL-1 and/or IL-18 maturation,
anabolic stimulation or NO induced enhanced kidney function. Nevertheless, despite the
lack of an apparent functional role for activated caspase-1 in our model, our findings do
not definitely rule out the possibility that apoptosis and inflammation are two largely
independent processes that share thus far unknown upstream molecular mechanisms.

The present findings demonstrate that inhibition of apoptosis after renal I/R prevents
subsequent inflammation. This apparently defines apoptosis to be critical for the induc-
tion of inflammation in the present model. Our results additionally demonstrate that I/R
induces activation of EMAP-II. Inactive pro-EMAP-Il may serve as a target substrate for
activated caspases (10), which we presently show to be upregulated as a consequence of
I/R. The evident formation of mature EMAP-II coinciding with elaboration of I/R
induced apoptosis as well as the observed decrease in EMAP-II activation after l(il-l or
zVAD-fmk treatment are in line with a recent report of Knies et al. (IU) who showed that
release of mature EMAP-II is directly linked to apoptosis and can be abrogated in v/7rr>
by caspase inhibition. Mature EMAP-II is a potent chemokine that stimulates migration
of PMNs and monocytes m vivo and induces tissue factor on endothclial cells (31) and
TNF-a from monocytes (32). Its peptide sequence exhibits strong regional homology
with other pro-inflammatory mediators such as human Von Willebrand factor antigen II
(33) and IL-8 (34). Furthermore, it was recently demonstrated that mediators of apopto-
sis can cleave aminoacyl-tRNA synthetase. which subsequently leads to release of the
pro-inflammatory cleavage products EMAP-II as well as the Nil.-terminal catalytic
domain of tyrosyl tRNA synthetase (35).

The present data suggest that EMAP-II maturation as a consequence of I/R induced
apoptosis contributes to recruitment of inflammatory cells to the reperfused kidney.
However, more studies are needed to determine the functional role EMAP-II in I/R and
to elucidate potential other mechanisms by which apoptosis induces an inflammatory
response. Furthermore, the absence of sufficient phagocytosis of apoptotic cells has been
associated with further degeneration and ultimately necrosis of apoptotic cells, a process
termed "secondary necrosis" (36, 37). This secondary necrosis has been suggested to
occur when the extent of necrosis overwhelms the phagocytic capacity of the tissue (38)
and appears to be another important link between apoptosis and inflammation It is
tempting to speculate that phagocytosis cannot deal sufficiently with sudden widespread
apoptosis within an organ subjected to prolonged ischemia, which ultimately leads to
secondary necrosis and inflammation.

Many documented attempts to directly reduce the I/R induced inflammatory response
in various models have unmasked inflammation as a significant cause of subsequent tis-
sue injury and dysfunction (1, 14). The present studies indicate that early apoptosis is a
crucial event in the process that initiates inflammation and subsequent tissue injury
because abrogation of early I/R induced apoptosis prevents the development of inflam-
mation and organ dysfunction. This concept of apoptosis induced inflammation follow-

89



Chapter 4

ing I/R puts forth new important opportunities to effectively prevent clinical manifesta-
tions of reperfusion injury. The latter include among others prevention of complications
arising from the use of ischemically damaged donor organs, cardiopulmonary bypass sur-
gery, aortic cross-clamping and circulatory shock. Agents such as IGF-1 (which can be
safely administered to humans), zVAD-fmk as well as new anti-apoptotic substances cur-
rently under investigation, may provide new therapeutic means to treat such conditions.
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ABSTRACT

Ischemia followed by reperfusion (I/R) causes apoptosis, inflammation and tissue dam-
age leading to organ malfunction. Ischemic preconditioning can protect against such
injury. This study investigates the contribution of the acute phase proteins al-acid gly-
coprotein (AGP) and al-antitrypsin (AAT) to the protective effect of ischemic precondi-
tioning in the kidney.

l.xogenous A(iP and AAT inhibited apoptosis and inflammation after 45 min of renal
I/R in a murine model. AGP and AAT administered upon reperfusion prevented apopto-
sis at 2 h and 24 h as evaluated by presence of internucleosomal DNA cleavage, TUNEL-
histology and determination of renal caspase-1 and 3-like activity. AGP and AAT exert-
ed anti-inllammatory effects as reflected by reduced renal TNF-oc expression and neu-
trophil influx after 24 h In general, these agents improved renal function. Similar effects
were observed when AGP and AAT were administered 2 h upon reperfusion, however to
a lesser extent and without functional improvement. Moreover, I/R elicted an acute phase
response as reflected by elevated serum AGP and serum amyloid P (SAP) levels after 24
h, a/id i/icrea.svd hc/xit/c aa/lc pha.ve prote/n mRNA Jevds after JS h o/YenaJ reper/us/on.

We propose that the anti-apoptotic and anti-inflammatory effects of AGP and AAT con-
tribute to the delayed type of protection associated with ischemic preconditioning and
other insults This mechanism is potentially involved in the course of many clinical con-
ditions associated with I/R injury. Moreover, exogenous administration of these proteins
may provide new therapeutic means of treatment.

INTRODUCTION

Prolonged ischemia followed by reperfusion (I/R) induces apoptosis and inflammation,
leading to organ dysfunction and tissue damage. We recently demonstrated that acute pri-
mary apoptosis during early reperfusion, is crucial to initiation of reperfusion-induced
inflammation (1). Conversely, the central inflammatory mediator tumor necrosis factor-
« (TNF-tt) was shown to contribute to late apoptosis in the course of renal I/R (2).

TNF-ttl is also an inducer of the acute phase response (APR), a complex series of reac-
tions executed by the host in the immediate aftermath of injury, trauma or infection (3).
Protection against reperfusion injury can be induced by various means including
antecedent administration of endotoxin (4-6), heat-shock (7) and single or multiple peri-
ods of brief antecedent ischemia (8). Besides such protection, the latter treatments are all
expected to induce an APR (3,9). During the APR. liver cells and various epithelial cells
respond to increasing levels of among others TNF-a by producing acute phase proteins,
including al-acid glycoprotein (AGP) and al-antitrypsin (AAT) (10). These two major
acute phase proteins exhibit various anti-inflammatory effects (11-13) and have been
shown to prevent hepatocyte apoptosis in a model of TNF-a/galactosamine toxicity (14).
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This study investigates whether AGP and AAT can reduce I/R-induccd apoptosis and
inflammation and whether renal I/R induces an APR. The results show that physiologi-
cal serum levels of exogenous AGP and AAT strongly reduce apoptosis and inflamma-
tion after I/R and that renal I R induces an APR.

METHODS

ANTIBODIES AND REAGENTS

Anti-murine neutrophil mAb Gr-1 was obtained from Pharmingen (San Diego. CA); rab-
bit anti-murine AGP polyclonal Abs were kindly provided by Dr. P lleegaard (Danish
Veterinary Laboratory. Copenhagen, Denmark); peroxidase conjugated goat anti-rat and
peroxidase conjugated goat anti-rabbit IgG from Jackson (West Grove. PA); peroxidase
as well as alkaline phosphatase conjugated sheep anti-digoxigenin and digoxigenin 11-
dUTP from Boehringer Mannheim (Mannheim. Germany); peroxidase conjugated rabbit
anti-sheep IgG from DAKO (Copenhagen. Denmark); rabbit anti-murine scrum amyloid
P (SAP) and a SAP standard from Calbiochem-Novabiochem (San Diego, C'A); Ac-
YVAD-amc and Ac-DF,VD-amc from the Peptide Institute (Osaka, Japan) All other
reagents were purchased from Sigma (St. Louis, MO).

EXPERIMENTAL PROTOCOL

Male Swiss mice weighing 20-25 g from Charles River Breeding Laboratories
(Heidelberg, Germany) were housed individually in standard cages with ad libitum
access to food and water. The studies were approved by the Institutional Animal Care
Committee of the University of Maastricht. 45 min unilateral ischemia of the left kidney
was followed by contralateral nephrectomy as described in detail previously.2 The ani-
mals were sacrificed at indicated timepoints. Upon sacrifice, blood was collected by
orbital puncture and the left kidney was harvested.

Upon reperfusion mice were administered intraperitoneally (i.p.) 5 mg bovine AGP
(n=12) or 0.5 mg human AAT (n=12) in 0.5 ml sterile PBS. resulting in serum levels
identical as observed during the APR. 10 In separate groups mice received AGP (n=K) or
AAT (n=8) after 2 h of reperfusion. To further delineate the therapeutic efficacy of AGP
treatment, mice received 1.7 mg (n=3), 0.5 mg (n=3) and 0.17 mg (n=3) of AGP in 0.5
ml PBS upon reperfusion. and were sacrificed after 2 h. A control group received vehi-
cle consisting of 0.5 ml PBS i.p. (n=10). A sham-group (n= 12) was subjected to the same
surgical procedure without clamping of the renal pedicle, treated with PBS and sacrificed
at corresponding timepoints.

In an experiment to investigate whether renal I/R induced an APR, mice were subject-
ed to renal I/R and blood was collected by orbital puncture at 8, 16 and 24 h after
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ischemia (n=12). Additional animals received 30 (ig lipopolysacharide (LPS, Escherichia
coli serotype O55:B5) i.p. (n=3) or 0.5 ml of PBS i.p. (n=3) and served respectively as
positive and negative controls for the development of an APR.

APOPTOSIS ASSAYS

Presence of internucleosomal DNA cleavage in kidneys was investigated with a com-
mercial ligase-mediated (LM)-PCR assay kit (Apoalert, Clontech, Palo Alto, CA)
according to the manufacturers instructions. Renal caspase-1 and caspase-3-like activi-
ties were measured as described (15) by measuring release of fluorescent 7-amino-4-
methylcoumarin for 1 h after incubating renal lysates with the fluorogenic substrates Ac-
YVAD-amc (caspase-1-like) or Ac-DKVD-amc (caspase-3-like).

MYELOPEROXIDASE ( M P O ) , BLOOD UREA NITROGEN ( B U N ) AND SERUM CREATININE

Renal ncutrophil accumulation was quantified by measuring renal MPO content as
described (2). MP() activity is expressed per mg tissue by comparing OD of samples with
a horseradish peroxidase titration curve and standardized with respect to wet/dry ratios.
IHJN content and serum creatinine levels were measured in serum using a BUN unimate
5 kit and a C'RHA MPR3 kit (Boehringer Mannheim, Mannheim, Germany) in a Cobas
Kara autoanalyzer (Roche, Basle, Switzerland).

HISTOLOGY

Kidney specimens were immediately frozen and stored at -70°C or fixed in buffered for-
maline and para Hin embedded. Frozen sections (5 LIIII) were stained for neutrophils with
inAb Gr-1 as described (1). Immunostaining for TNF-a with digoxigenin-labeled mAb
52B83 was performed on paraffin sections as described (2). Histological aspects of apop-
tosis were studied by standard terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNKL histology) as described (16 ).

SliRUM AMYLOID P ( S A P ) ELISA AND SINGLE RADIAL IMMUNODIFFUSION FOR SERUM AGP

Scrum SAP was measured employing a sandwich ELISA. A 96-well immunomaxisorp
plate (Nunc, Roskilde. Denmark) was coated with a rabbit anti-mouse SAP IgG.
Aspecific binding was blocked with BSA and after washings, samples were diluted and
a standard titration curve of a known quantity of murine SAP was obtained. Detection
was performed using a biotinylated rabbit anti-mouse SAP IgG followed by incubation
with substrate. Serum AGP levels were determined by single radial immunodiffusion
(17) employing agar gels containing 5% anti-AGP serum. Since purified munne AGP
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was not readily available, the obtained results were calibrated against a dilution of inurine
plasma obtained 36 h after pretreatment with 30 |ig LPS. which also served as a positive
control.

MEASUREMENT OF HEPATIC ACUTE PHASE PROTEIN M R N A CONTENT

Total RNA was extracted from livers and transcribed into cDNA of which the concen-
tration was subsequently standardized based on the [i-actin cDNA fraction To determine
hepatic AGP, AAT and SAP mRNA content, three 2-fold serial dilutions of cDNA were
amplified with specific primers. Murine AGP mRNA primers were designed based on
sequence homology with an acute phase inducible gene in A///.v «ro / i (18) sense primer
5'-GCGGCTGTCCTAAACCCT-3\ antisense primer 5"-CAAGT('AAAGG('AAG-
CATG-3'; murine AAT mRNA specific were sense primer 5' TC C C'ATGAGATCGC-
TACAAAC-3' and antisense primer 5'-TGATAATGGTTC TTGGCCTCT 3"; for
murine SAP mRNA were used sense primer 5'-CTTCACCAGCCTTCTTTCAGA 3'
and antisense primer 5"-ACGGACTGTGACTTTTGATTGT 3'; ß-actin specific primers
were sense primer 5'-TAAAACXiCAGCTCAGTAA('AGTCCG-.V and antisense primer
5'-TGCAATCXTGTGGCATXCATGAAAC'-.V After separation on a 15",, agarose gel,
band proportions were estimated by measuring the intensity of ethidium bromide fluo-
rescence with a digital camera (Imagemaster VDS, Pharmacia. Uppsala. Sweden) using
commercial gel analysis software (Sigma Gel, SPSS, Chicago. IL).

STATISTICS

Data are expressed the mean ± SEM, and statistical analysis was performed by Student's
T-test. P<0.05 was taken to denote statistical significance.

RESULTS

AGP AND A A T REDUCE EARLY AND DELAYED APOPTOSIS INDUCED BY RENAL I/R

Apoptosis contributes to I/R-induced organ dysfunction and may serve as a target for the
protective effects of acute phase proteins. In kidneys obtained at 2 h of reperfusion from
mice treated with either AGP or AAT, no apparent intemucleosomal DNA cleavage was
detected as compared to PBS treated animals (Figure I). These early effects of AGP and
AAT suggest direct inhibition of apoptosis. since early primary apoptosis precedes the
first signs of inflammation in this model (2). In line, apoptosis was reduced after 24 h as
indicated by the absence of apparent intemucleosomal DNA cleavage (Figure I),
decreased numbers of TUNEL positive nuclei (Figure 2) and attenuated caspase-1 and 3-
like activities (Figure 3) as compared to PBS controls, possibly due to a combination of
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anti-apoptotic and anti-inflammatory effects. We previously demonstrated that inhibition
of early apoptosis prevents the initiation of inflammation as well as secondary apoptosis
caused by inflammation in our model (1). This study indicated that abrogation of inflam-
mation did not occur when apoptosis inhibitors were administered after 2 h of reperfu-
sion. Hence, apoptosis precedes the inflammatory response at 2 h of reperfusion.
Administration of AGP or AAT at 2 h of reperfusion therefore enabled us to differentiate
primary apoptosis from secondary apoptosis and to study the possible involvement of an
anti-inflammatory effect of these acute phase proteins. AAT administered at 2 h of reper-
fusion decreased caspase-1 and 3-like activities after 24 h of reperfusion as compared to
I'BS treatment (figure 3). However, AAT did not reduce internucleosomal DNA cleav-
age (Figure I) whereas AGP reduced caspase-1 and 3-like activities (Figure 3) and pre-
vented internucleosomal DNA cleavage after 24 h (Figure 1). These data suggest that
reduced secondary apoptosis is a result of the anti-inflammatory effect of AGP and AAT,
although we cannot exclude a contribution via direct inhibition of secondary apoptosis.
To investigate therapeutic efficacy of AGP treatment, the effect of a dose range of AGP
on intemiicleosomal DNA cleavage after 2 h of reperfusion was studied. A single dose
of f. 7 mg AdP upon reperfusion sufficed to reduce renal' internucleosomal' DiVA cleav-
age (Figure 1). This therapeutic effect gradually declined when dosages of 0.5 of 0.17 mg
of AGP were employed (Figure 1). Rodent acute phase plasma has been reported to con-
tain up to 3.5 mg/ml AGP as compared to almost undetectable constitutive levels (10),
indicating that systemic rises in endogenous AGP during an APR are potentially protec-
tive against I/R-induced apotosis.
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Figure I Renal apoptosis is reflected by fragmented DNA amplified by LM-PCR and visual-
ized on etlndium-bromide-stained gel. In PBS treated animals internucleosomal DNA cleavage
became apparent after 2 h of reperfusion. Treatment with AGP or AAT prevented internucleo-
somal DNA cleavage, except for AAT administered after 2 h of reperfusion. M. molecular
weight markers (range. UK) to 2(XK) base pairs).
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Figure 2. Representative light micrographs showing evident in situ detection of DNA nick ends
by TUNEL histology (magnification 20()x). In contrast to sham operated animals (A), tubular
epithelial cells of the outer medulla of biopsies obtained from PUS treated mice after 24 h of
reperfusion showed extensive apoptosis coinciding with influx of inflammatory cells as depict-
ed in the upper left corner of the panel (B). Treatment with AGP upon reperfusion apparently
decreased numbers of TUNEL-positivc nuclei after 24 h (C) similar to mice treated with AAT
upon reperfusion (D).

AGP AND AAT REDUCE INFLAMMATION FOLLOWING I/R

We studied the effects of AGP and AAT on 1/R-induced inflammation by assessing renal
TNF-a expression and neutrophil influx. At 24 h after I/R, AGP and AAT administered
upon reperfusion limited TNF-a expression (Figure 5d,e) and neutrophil influx (Figure
4). These effects are most likely the result of direct inhibition of early primary apoptosis,
implicated in the subsequent induction of inflammation! Alternatively, also direct anti-
inflammatory effects may be involved. Nevertheless, these findings explain the observed
inhibition of secondary apoptosis in mice treated upon reperfusion.

AGP and AAT given after 2 h of reperfusion attenuated inflammation at 24 h to a less-
er extent than treatment upon reperfusion (Figure 4). However, treatments at both time-
points decreased inflammation as compared to PBS treated controls at 24 h of reperfu-
sion (Figure 4). The latter controls showed significant renal inflammation as reflected by
TNF-a expression in the outer stripe of the outer medulla, along damaged tubular epithe-
lium (Figure 5b) and in infiltrating leukocytes (Figure 5c). Also, significant renal neu-
trophil accumulation was reflected by an enhanced MPO content (Figure 4) and evident
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accumulation of Gr-1 positive cells (Figure 6). AGP and AAT administered at 2 h pre-
vented inflammation as reflected by these parameters, revealing a direct anti-inflamma-
tory potential of AGP and AAT.
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Figure 3. Renal caspase-likc activities were determined kinetically in homogcnatcs of tissue
obtained after I day of reperfusion in a fluorogenic substrate assay in which Ac-YVAD-amc
(caspase-1-likc) or Ac-DLVD-amc (caspasc-3-likc) served as substrates. Data are expressed as
the increase in fluorescence as a function of time, normalized against data obtained from the
sham operated group. The groups that indicate t=2 on the x-axis received treatment after 2 h of
reperfusion. All other groups were treated upon reperfusion. Compared to PBS treatment all
groups showed significantly decreased caspase-likc activities (P<0.05: not indicated).
Statistical significance compared to animals that received similar treatment upon reperfusion
was denoted at P- .0.05 (#). The presented data are means ± SEM.
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Figure 4. Neutrophil influx was assessed quantitatively by determination of MPO increase after
24 h of reperfusion. Values are presented relative to the amount of MPO present in the con-
tralateral kidney harvested immediately after reperfusion and normalized with respect to the
MPO increase after 24 h of reperfusion in PBS treated mice. The groups that indicate t=2
received treatment arter 2 h of reperfusion. Statistical significance as compared to control treat-
ed animals was denoted at P<0.05 (*) or P<0.0l (**) and compared to animals that received
similar treatment upon reperfusion at P^0.05 (#). The presented data are means i SEM.
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- •

Figure 5. Representative light micrographs showing immunohistochcmical staining of TNF-<*
by mAb 52B83 (magnification l(M)x). While absent in kidneys obtained from sham-operated
controls (A), TNF-a was expressed in the outer stripe of the outer medulla, distributed in and
along damaged tubular epithelium (B) as well as in infiltrating leukocytes (C) afier 24 h of
rcperfusion. Treatment with A(iP upon rcperfusion decreased intrarcnal TNF-a expression
after 24 h (D) similar to mice treated with AAT upon repcrfusion (E).

S

• 7 v •>,. * /

' " • *

Figure 6. Representative light micrographs showing immunohistochcmical staining by mAb
Gr-I of infiltrating ncutrophils (magnification lOOx) Ncutrophils were scarcely present in kid-
neys obtained from sham-operated animals (left). In contrast, marked renal ncutrophil accu-
mulation (nght) was observed after 24 h of repcrfusion.
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A Ü P AND A A T PREVENT I/R-INDUCED RENAL DYSFUNCTION

Renal dysfunction was reflected by increased blood urea nitrogen (BUN) content, as well
as serum creatinine levels after 24 h of reperfusion (Figure 7). Both AGP and AAT
administered upon reperfusion lowered BUN content and serum creatinine levels as com-
pared to PBS controls. However, AGP and AAT administered after 2 h of reperfusion
failed to significantly decrease BUN or serum creatinine as compared to PBS treatment.
These findings illustrate the necessity to prevent primary apoptosis-induced inflamma-
tion besides direct prevention of inflammation after I/R for optimal therapeutic effects.
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Figure 7. Renal function after 24 h in the different experimental groups as reflected by blood
urea nitrogen (BUN) content (A) and serum creatinine (B). The groups that indicate t=2
received treatment after 2 h of reperfusion. Statistical significance as compared to PBS treated
animals was denoted at P -- 0.05 (•). The data shown are means * SEM.
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RENAL I/R INDUCES AN ACUTE PHASE RESPONSE

To investigate whether renal I/R induces an APR, serum SAP as well as A(iP levels and
hepatic acute phase protein mRNA content were measured. SAP was used as a marker
for the APR since it is co-released with AGP and AAT during the APR. Renal I/R
induced an elevation in plasma SAP levels at 16 and 24 h after ischemia (Table 1) I PS
administration served as a positive control and increased SAP levels after 3d h. Serum
AGP levels increased to a similar extent (an approximate factor 10 as compared to con-
stitutive levels) following 24 h of reperfusion and 36 h following LPS (data not shown).
In contrast with previous reports (9,10), our results show no apparent rise in hepatic AAT
mRNA levels after renal I/R or LPS administration (Figure 8). Conversely, after 16 h of
reperfusion hepatic AGP and SAP mRNA levels increased as compared to sham controls
or mice that only received PBS (Figure 8). This rise in hepatic acute phase protein mRNA
was similar to that observed in mice 16 h following 30 ug LPS (Figure 8.). These data
clearly demonstrate that renal I/R induces an APR.

P-Mln AOP AAT «AF

rwwIVR

•hamVR

[cONA]

Figure 8. Hepatic acute phase protein mRNA expression at 16 h after cither renal I/R. sham
operation, administration of 30 (ig of LPS i.p. or PBS only. Shown are representative sample*
of which cDNA was amplified in three 2-fold serial dilutions and calibrated against identical
levels of (J-actin mRNA. Band proportions arc indicated and expressed as pixel units, calli-
bratcd according to raw pixel values of the digital capture-image. Background (black) corre-
sponds to a pixel value of 0, amplified DNA (white) corresponds to a pixel value of 255.
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Table I. £#k7s o////? ow

Intervention Time following scrum
intervention (hrs) SAP (ugml)

renal I/R
renal I/R
renal I/R
sham I/R
30 ug LPS ••
PBS control

8
16
24
24
36
-

25.8 ±8.1
47.2 ± 7.5
127.4 ±26.4
28.4 ± 6.3
202.6 ± 36.3
15.8 ±3.0

6
6
6
3
3
3

In 0.5 ml PBSi.p.

DISCUSSION

The effects of the acute phase proteins AGP and AAT on early (2 h) and late (24 h) apop-
tosis and inflammation after renal I/R were investigated. Both AGP and AAT adminis-
tered upon reperfusion, decrease early as well as late apoptosis as reflected by renal
internucleosomal DNA cleavage, TUNF.L-histology and caspase-like activities. In line,
we previously demonstrated that abrogating acute early apoptosis with selective anti-
apoptotic agents prevents subsequent inflammation as well as secondary apoptosis
caused by inflammation, whereas anti-apoptotic treatment initiated after onset of apop-
tosis does not reduce 1 R-induced inflammation (1). In contrast, in the present study treat-
ment after 2 h of reperfusion inhibited inflammation, which is supported by reports of
anti-inflammatory effects mediated by AGP and AAT. 12,13

Marly primary (10,20) as well as late secondary (2,21) apoptosis following I/R have
been reported to be caused by various means. The present results, showing that AGP and,
to a lesser extent, AAT protect against TNF-a dependent late apoptosis (2), are in line
with data from Van Molle et al (14). They showed that AGP protects against TNF-a
induced liver apoptosis in both galactosamine and actinomycin D pretreated mice where-
as AAT only conferred protection in the galactosamine model. Since inflammation is not
involved in the process of primary apoptosis following 1 R, our results show that the anti-
apoptotic potential of AGP and AAT is not limited to TNF-a-induced apoptosis.

AGP has been reported to exhibit anti-inflammatory properties such as inhibition of
PMN activation and induction of macrophage derived Il.-I receptor antagonist release.11
AGP also binds to bacterial endotoxin and protects mice from endotoxin-induced septic
and hypovolemic shock (22,23). Currently, no clear anti-apoptotic property can be
deduced from the AGP molecule. AAT can inhibit neutrophil Superoxide production (24),
induce macrophage derived IL-1 receptor antagonist release 11 and reduce TNF-oc-
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induced lethality (25). AAT additionally inhibits clastase 26 and as a consequence elas-
tase-dependent synthesis and release of platelet-activating factor (26). a mediator of 1/R-
induced inflammation (27). lilastase has been reported to cleave tyrosyl-tRNA synthetase
during apoptosis to fragments with IL-8-like chemotactic properties (28). a process
potentially involved in primary I R-induced apoptosis (1). AGP or AAT may interact
with the proteolytic cascade of enzymes involved in apoptosis. However, both acute
phase proteins lack inhibitory effects on caspases />J W/ro (personal communication. Dr.
C. Libert. University of Ghent). Further studies are needed to establish the molecular
mechanisms by which AGP and AAT prevent l/R-induced apoptosis and inflammation.

Antecedent ischemia can induce protection from I/R-induced injury in a biphasic pat-
tern.8 Such protection lasts for 30 min to 2 h and is followed by a second window of pro-
tection appearing 12-24 h later. This so called ischemic preconditioning has been attrib-
uted to local protective mechanisms including induction of heat-shock proteins (2̂ >) and
adenosine formation (30). However, brief ischemia in remote organs (31,32) orendotox-
in pretreatment (4-6) have been shown to confer similar protection, suggesting involve-
ment of other than local mechanisms. Indeed, the observed I/R-induced SAP and AGP
increase and elevated hepatic acute phase protein mRNA content show that renal I/R
induces an APR. Our data also indicate that the serum AGP increase during the APR is
of potentially sufficient extent to protect against I/R-induced apoptosis. Thus, an APR
likely confers systemic protection against I/R injury, which could contribute to the sec-
ond window of protection associated with ischemic preconditioning.

The physiological mode of protection outlined above may determine the natural histo-
ry of clinical conditions associated with I/R as observed during severe trauma or septic
shock. For instance, sepsis mortality is highest during the initial disease stages and the
chances of survival increase with disease duration (33). This increased survival may well
be a consequence of protection against shock-like complications since systemic levels of
acute phase proteins increase as the disease progresses (34). Moreover, protective acute
phase proteins such as AGP and AAT may provide new means to treat clinical conditions
associated with 1/R injury.

We conclude that the APR may be part of a physiological protection mechanism against
I/R injury and show that protection conferred by acute phase proteins such as AGP and
AAT is mediated by distinct anti-apoptotic as well as anti-inflammatory effects. We addi-
tionally demonstrate that I/R itself induces an APR. which may explain the second win-
dow of protection induced by ischemic preconditioning.

105



Chapter 5

REFERENCES

1. Daemon MARC, Van 'I Veer C, Dcnecker G. Hecmskerk VH. Wolfs TGAM. Vandenabeele P.
Buurman WA. Inhibition of apoptosis induced by ischemia-reperfusion prevents inflammation.
7 CVi/i /we*/ 1999; 104:541 -549.

2. Daemon MARC, Van dc Vcn WCM, Hcincman E. Buurman WA. Pro- and anti-inflammatory
mechanisms in renal reperfusion injury in mice. Modulation by endogenous tumor necrosis fac-
tor alpha and intcrlcukin-l(). 7>aw.yj/<iw/ti//'o/i I999;67:792-8(K).

3. Baumann M, (iauldic J. The acute phase response, /mmiw/ 7b<fav 1994:15:74-80.
4. Meng X, Ao L. Brown JM. Mcldrum DR. Sheridan BC. Cain BS. Banerjcc A, Harken AH. LPS

induces late cardiac functional protection against ischemia independent of cardiac and circulat-
ing TNF-alpha. -4ro7/Viy.v/W 1997;273:H1X94-H19O2.

5. Berg JT, Allison RC, Taylor AL. Endotoxin extends survival of adult mice in hyperoxia. /'roc
Sot- £v/> Ä/W A/t-J 1990; 193:167-170.

6. lleemann U. S/abo A, Hamar P, Müller V, Witzke O, Lutz J. Philipp T Lipopolysaccharidc pre-
Ireatment protects from renal ischemia/repcrfusion injury, ,4/H 7/*<///?«/2000; 156: 287-293.

7. Yamashita N, lloshida S, Taniguchi N, Kuzuya T, Hon M. Whole-body hypcrthcrmia provides
biphusic cardioprotcction against ischemia/reperfusion injury in the rat. CVrcw/a//«w
1998:98:1414-1421.

8. Mcldrum DR. Cleveland JJ, Rowland RT, Bancrjee A, Harken AH, Meng X. Early and delayed
preconditioning: differential mechanisms and additive protection. ,4/n 7/Vrys/'o/ I997;273:H725-
11733.

9. Yiangou M, Paraskcva E, Hsieh CC, Markou E, Victoratos P, Scouras Z, Papaconstantinou J.
Induction of a subgroup of acute phase protein genes in mouse liver by hyperthermia. ß/oc/?//n
/?/<>/>/;»* .1 c7« 1998:1 396:191 -206.

10 Schreiber (i, Tsykin A. Aldred AR, Thomas T, Fung WP, Dickson PW, Cole T. Birch H. De
Milland JF. The acute phase response in the rodent. .4«« /V K/ICYK/SC/ 1989:557:61-85.

11. Tilg II. Vannier E. Vachino Ci. Dinarello CA, Mier JW. Anti-inflammatory properties of hepatic
acute phase proteins: preferential induction of interleukin I (IL-1) receptor antagonist over IL-1
beta synthesis by human peripheral blood mononuclear cells. 7 £.v/? AfcJ 1993:178:1629-1636.

12. Williams JP, Weiser MR. Pechet TT. Kobzik L. Moore FJ. Hcchtman HB. Alpha 1-acid glyco-
protein reduces local and remote injuries after intestinal ischemia in the rat. .4w 7 /V/vs/o/
I997;273:GIO3I-GIO35.

13. Libert C, Vanmolle W. Brouckaert P. Fiers W. Alpha( I )-antitrypsin inhibits the lethal response to
TNF in mice. 7 /www/«/ 1996:157:5126-5129.

14. Van Molle W. Libert C, Fiers W, Brouckaert P. Alpha( I )-acid glycoprotein and alpha( 1 )-antit-
rypsin inhibit TNF-induced but not anti-FAS-induced apoptosis of hepatocytes in mice. 7
/mm«//»)/ 191)7:159:3555-3564.

15. Vercammen D. Beyaert R, Denecker G, Goosscns V, VanLoo G, Declercq W. Grooten J, Fiers
W. Vandcnabccle P. Inhibition of caspascs increases the sensitivity of L929 cells to necrosis
mediated b\ tumor necrosis factor. 7 £v/> A / I ' < / 9 9 8 ; I 8 7 : I 4 7 7 - I 4 8 5 .

l(v Gavrieli Y. Sherman Y. Ben SS. Identification of programmed cell death in situ via specific label-
ing of nuclear DNA fragmentation. 7 (V/ / ß/<>/ 1992:119:493-501.

17. Mancim d. Carbonara AO, Hcremans JF: Immunochcmtcal quantitation of antigens by single
radial immunodiffusion. /»wuwKv/mii 1965:2:235-254.

106



The acute phase reaction

18. Prowse KR. Baumann H. Molecular characterization and acute phase expression of the multiple
Mus caroli alpha 1-aeid glvcoprotein (AGP) genes. Differences in glucocorticoiii stimulation anil
regulatory elements between the rat and mouse AGP genes. .//JjW(7»t7H I 990;265:10201 - I020S».

19. Lieberthal W. Mcnza SA. Levine JS. Graded ATP depletion can cause necrosis or apoptosis of
cultured mouse proximal tubular cells. .4m./ /Vry.v/W I998;43:F315-F327.

20. Zager RA, Iwata M. Conrad DS. Burkhart KM, Igarashi Y. Altered ceramule and sphingosine
expression during the induction phase of ischemic acute renal failure. A'/</wv /«/ I997;52:<>0-70.

21. Nogac S, Miyazaki M. Kobayashi N, Saito T. Abe K. Saito II. Nakane PK, Nakamshi Y. Koji T.
Induction of apoptosis in ischemia-reperfusion model of mouse kidney: Possible involvement of
Fas. 7 /4m Soc ,Ve/>W |998;9:620-631.

22. Moore DF. Roscnfcld MR. Gnbbon PM. Winlovc CP. Tsai CM. Alpha-1 -acid (AAG, orosomu-
coid) glyeoprotein: interaction with bacterial lipopolysacchande and protection from sepsis.
//7/7<jmm<;//»« 1997;21:69-82.

23. Muchitsch EM. Aucr W, Pichlcr L: Effects of alpha l-acid glyeoprotein in different rodent mod-
els of shock. Fum/a/n C7/w /Vwrwdaj/ 1998; 12:173-1XI

24. Bucurenci N, Blake DR. Chidwick K. Winyard PG. Inhibition of neutrophil Superoxide produc-
tion by human plasma alpha l-antitrypsin. fW« Lrtf l992;3OO:2l-24.

25. Libert C, Brouckaert P, Ficrs W. Protection by alpha I-acid glyeoprotein against tumor necrosis
factor-induced lethality. 7 £rp A/i'J 1994;IX():I57I-1575.

26. Camussi G, Terta C, Bussolino F, Baglioni C. Synthesis and release of platelet-activating (actor
is inhibited by plasma alpha l-protcinasc inhibitor or alpha l-antichymotrypsin and is stimulat-
ed by proteinascs. ./£*/? A/fJ 1988; 168:1293-1306.

27. Torras J. Bordalba JR. Seron D. Molincr R, Carrera M. Valles J. Martine/ Castclao A. Alsma J,
Gnno JM. Protective effect of the PAF antagonist BN 52021 in an experimental renal warm
ischemia model. 7>aH.y>/ //tf 1993:6:236-238.

28. Wkasugi K. Schimmel P. Two distinct cylokincs released from a human aminoacyl-lRNA syn-
thetase. Sc/trntv 1999:284:147-150.

29. Kumc M. Yamamoto Y. Saad S. Gomi T, Kimoto S. Shimabukuro T. Yagi T, Nakagami M.
Takada Y. Monmoto T, Yamaoka Y. Ischemic preconditioning of the liver in rats: implications of
heat shock protein induction to increase tolerance of ischemia-reperfusion injury. .//.<//> r//« AA'J
1996;128:25l-258.

30. Baxter GF. Marber MS. Patcl VC. Yellon DM. Adenosinc receptor involvement in a delayed
phase of myocardial protection 24 hours after ischemic preconditioning. O'/v«/«//««
1994:90:2993-3000.

31. Vcrdouw PD, Gho BC, Koning MM, Schocmakcr RG, Dunckcr DJ. Cardioprotcction by
ischemic and nonischemic myocardial stress and ischemia in remote organs. Implications for the
concept of ischemic preconditioning, ,-fw» A' }' <4o/J.Sfi 1996:793:27-42.

32. Gho BC. Schocmakcr RG. Van den Doel DM. Dunckcr DJ. Vcrdouw PD. Myocardial protection
by brief ischemia in noncardiac tissue. C';>«//*///'«« 1996:94:2193-2200.

33. Rangel FM. Pittet D. Hwang T. Woolson RF. Wenzel RP. The dynamics of disease progression
in sepsis: Markov modeling describing the natural history and the likely impact of effective anti-
sepsis agents. C7//J /n/«?c/ D/5 1998:27:185-190.

34. Dominioni L. Dionigi R. Zancllo M. Monico R. Crcmaschi R. Ballabio A, Massa M, Comclli M,
Dal RP. Sepsis score and acute-phase protein response as predictors of outcome in septic surgi-
cal patients. .-(rcA S«/rg 1987; 122:141-146.

107



108



CHAPTER 6

Activated caspase-1 is not a central mediator of inflammation
after renal ischcmia-reperfusion

Role of caspase-1 in renal ischemia
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ABSTRACT

Recent observations suggest that caspase activation during early apoptosis plays a func-
tional role in the induction of the deleterious inflammatory response to reperfusion in a
kidney subjected to ischemia and reperfusion. Release of the pro-inflammatory cytokines
II.-1 and IL-18 may occur as a part of the apoptotic response through activation of cas-
pase-1/ICE. We hypothesized that caspase-1 activation is a key event in the process of
apoptosis/caspase-dependent inflammation as observed during development of renal
reperfusion injury. As compared to controls, caspase-1 deficient knockout mice subject-
ed to 45 min of renal ischemia followed by 24 h of reperfusion showed no improvement
of renal function as reflected by serum ureum and creatinine. These mice showed a
slightly attenuated renal inflammatory response as indicated by a decreased renal neu-
trophil influx, but failed to show significantly altered intrarenal TNF-oc production.
Moreover, caspase-1 deficient mice exhibited a clear repcrfusion-induced apoptotic reac-
tion as reflected by renal TUNHL histology, caspase-3-like activation and internucleoso-
inal DNA cleavage. Consistently, treatment with agents capable of neutralizing the pro-
inllammatory activation products of caspase-1 (IL-I receptor antagonist, anti IL-1 recep-
tor antibody, anti IL-18 antibody) also minimally reduced renal functional deterioration,
inflammation and apoptosis after 24 h of reperfusion. These findings suggest that acti-
vated caspase-1 and its inflammatory cleavage products are involved in, but not crucial
to the induction of inflammation after I/R. Hence, beside caspase-1, other (combinations
of) activated caspases are likely to play a more prominent role in ischemia-reperfusion-
induced in Humiliation.

INTRODUCTION

Ischemia-reperfusion (I/R) injury' to kidneys can complicate various clinical conditions
such as heniorragic or septic shock, intra-abdominal aneurysm repair, cardiopulmonary
bypass and renal transplantation. Acute renal failure, which is the result of I/R injury in
50% of cases (1), is reflected by an array of morphological alterations as well as loss of
renal function Despite progression in disease control, acute renal failure is associated
with unacceptabe high mortality and morbidity (2).

During reperfusion. a destructive inflammatory reaction develops which is reflected by
cytokine production, induction of adhesion molecules and consequent influx of neu-
trophils. It is well established that the extent of acute renal failure in response to I/R can
be limited by treatment with anti-inflammatory agents (3.4). Besides inflammation,
induction of apoptosis has been reported to occur during the reperfusion phase (5) and
even during ischemia (6). We recently showed that inhibition of apoptosis by the broad
spectrum caspase inhibitor zVAD-fmk prevented inflammation and tissue damage in a
murine model of renal I R (7). Conversely, we demonstrated in this model that endoge-
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nous TNF-a contributes to the development of late inflammation related apoptosis (5).
Thus, inflammation and apoptosis amplify and maintain each other in the course of renal
I/R injury by a mechanism which remains to be resolved.

In a recent report, Miwa et al. demonstrated that release of II.-1, a proximal mediator
of neutrophil chemotaxis and adhesion molecule expression, may occur as a pan of the
apoptotic response (8). IL-1 (9), as well as the IFN-y inducing cytokme IL-IS (10) are
processed into an active form by IL-lß converting en/yme (ICH/caspase-l). an enzyme
among others associated with apoptosis Interestingly, both IL-I (11) and IL-18(12) have
been associated with inflammation induced by renal I R.

The present study investigates the functional contribution of caspase-l activation to
renal 1 R injury. We show that cytokine production as a result of caspase-l activation is
not a crucial event leading to inflammation after I/R. Hence, apoptosis has to contribute
to I/R-induced inflammation largely by other caspase-dependent mechanisms.

MATERIALS AND METHODS

ANTIBODIES AND REAGENTS

Anti-murine neutrophil monoclonal antibody (mAb) (ir-l from Pharmingen (San Diego,
CA); peroxidase conjugated goat anti-rat and peroxidase conjugated goat anti-rabbil lg(i
from Jackson (West Grove, PA); peroxidase conjugated sheep anti-digoxigenin, digoxi-
genin 11-dUTP and TdT from Boehringer Mannheim (Mannheim, (iermany); peroxidase
conjugated rabbit anti-sheep Ig(i from DAKO (Copenhagen. Denmark); the ral anti
murine IL-1 receptor-1 mAb IF3 was kindly provided by Dr. W. Falk (University of
Regensburg. Germany); IL-1 receptor antagonist (IL-1 RA) was kindly provided by Dr. J
Vannice (Synergen, Boulder, CO); anti-murine IL-1K polyclonal antibody (pAb) was
purified rabbit IgG, raised by immunizing rabbits with recombinant murine II.-IS, kind-
ly provided by Dr. M. Kurimoto (Fujisaki Institute, Okayama, Japan); Ac-Dl VD-amc
from the Peptide Institute (Osaka. Japan). All other reagents were purchased from Sigma
(St. Louis, MO).

ANIMALS

Male caspase-l-/- (13) mice (strain C57BL/6), which were littermates, as well as wild
type control mice, which were also littermates, were homozygotes used at the age of 8-
15 weeks and were a kind gift of Dr. Seshadri (BASF Bioresearch Corporation,
Worcester, MA). The suspected deletion of the employed batch of animals was confirmed
by evaluation of serum IL-lß levels and lethality in response to LPS challenge (14). Male
Swiss mice at the age of 6-10 weeks were obtained from Charles River Breeding
Laboratories (Heidelberg, Germany) During the experiment, mice were housed individ-
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ually in standard laboratory cages with ad libitum access to food and water. The studies
were approved by the Institutional Animal Care Committees of the University of
Maastricht, the Netherlands and Ghent, Belgium in accord with the U.S. National
Institutes of Health guide for care and use of laboratory animals.

EXPERIMENTAL PROTOCOL

At the start of the experiments, mice were anesthetized with sodium pentobarbital (50
mg/kg i.p.). A rectal probe (Cole-Palmer, Vemon Hills, 1L) to monitor body temperature
was inserted and body temperature was maintained at 39°C by a heating pad until reco-
very from anesthesia. The left renal pedicle was clamped for 45 min using a non-trauma-
tic vascular clamp through a midline abdominal incision. After removal of the clamp the
kidney was inspected for restoration of blood flow. Next, the contralateral kidney was
removed and stored for further analysis. The abdomen was closed in two layers and
0.25% bupivacaine was applied topically for postoperative pain management. Finally, to
maintain fluid balance and volume status, mice were supplemented with 1 ml prewarmed
(37"C) PBS s.c. The animals were sacrificed after 24 h of reperfusion. As previously
shown in this model, the signs of renal apoptosis, inflammation and functional deteriora-
tion are ubiquitous after 24 h of reperfusion (5) and their manifestation is dependent on
early l/R-induced caspase activation (12), which accounts for the focus on this timepoint
after ischemia. At the time of sacrifice, blood was collected by orbital puncture and the
postischemic kidney was harvested.

In an experiment performed to delineate the role of caspase-1 in renal I/R and to elim-
inate the possibility of a dosing or delivery problem with employed neutralizing agents,
caspase-1-/- mice were subjected to renal I/R (n=8) or to the same surgical procedure
without clamping of the renal pedicle (sham. n=8) and sacrificed after 24 h. In addition.
Swiss mice were subjected to renal I R and administered intrapentoneally 0.5 nig anti IL-
1R mAb (n=8), 1 mg IL-1RA (n=8), or 1 mg anti-IL-18 pAb (n=8) dissolved in 0.5 ml
sterile PBS at the time of reperfusion. Additional Swiss mice were subjected to the I/R
(n 10) or sham (n=-l2) procedure, administered vehicle consisting of 0.5 ml PBS i.p. and
sacrificed 24 h after surgery. As extra controls for caspase-1-/- mice we used wild type
caspase-1+/+ mice of similar background. These mice showed no differences with
respect to any of the evaluated parameters (data not shown), except for a slight reduction
in TNF-a staining intensity as compared to similarly treated Swiss mice.

APOPTOSIS ASSAYS

Genomic DNA was extracted from kidneys employing a commercially available DNA
purification kit (Wizard, Promega. Madison, WI) according to the manufacturers instruc-
tions. The presence of intenuicleosomal DNA cleavage in kidneys was investigated with
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a commercially available ligase-mediated (LM)-PCR assay kit (Apoalert. Clonteeh. Palo
Alto. t'A) on equal amounts of DNA according to the manufacturers instructions. This
technique allows semiquantitative measurement of apoptosis based on the number of
PCR cycles necessary for apparent amplification (15). All DNA samples were amplified
under the following PCR-protocol: hot start (72°C for 8 min), 25 cycles (94°C for 60 sec-
onds and 72°C for 180 seconds) and post-cycling (72°C for 15 min) Amplified DNA was
subjected to gel electrophoresis on a l.2"<> agarose gel containing ethidium bromide.
Band proportions were estimated for the 600. 400 and 200 bp DNA fragments by meas-
uring the intensity of ethidium bromide fluorescence with a digital camera (Imagemaster
VDS, Pharmacia. Uppsala. Sweden) using commercially available gel analysis software
(Sigma (iel, SPSS. Chicago, IL).

Renal caspase-3-like activities were measured as described previously (16). In brief,
renal lysates (containing 40 ug total protein) were incubated with 50 uM of the fluoro-
genic substrate Ac-DEVD-amc (caspase-3-like) and the release of fluorescent 7-amino-
4-methylcoumarin was measured for 1 h at 2 mm intervals by spectrofluorometry
(Cytofluor. PerSeptive Biosystems, Cambridge. MA).

RENAL MYELOPEROXIDASE

To quantify the extent of renal neutrophil accumulation, renal myeloperoxidase (MPO)
content was determined as described previously (5, 17) In brief, equal quantities of
homogenized renal tissue were heat incubated and supernatants were collected. After
addition of H,O,, supernatants were incubated with tetramethylben/idme and the reac-
tion was stopped by the addition of H1SO4 in a 96-well plate (Costar. Cambridge, MA)
Optical density (OD) was measured and MPO activity was calculated per mg renal tissue
by comparing the OD of sample wells with a titration curve of horseradish peroxidase
and standardized with respect to wet/dry ratios.

HISTOLOGY

Paraffin sections (5 mn) were stained with periodic acid Schiff (PAS). Immunostaining
forTNF-a with digoxigenin-labeled mAb 52B83 (5) was also performed on paraffin sec-
tions using alkaline phosphatase conjugated sheep anti-digoxigenin as the secondary
detection mAb and NBT/BCIP as a chromogen followed by methyl green countcrstain-
ing. Histological aspects of apoptosis were studied on paraffin sections by standard ter-
minal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL
histology) (18). Sections pretreated with DNAse 1 in order to nick all DNA, served as
positive controls.

Frozen sections (5 u,m) were stained for neutrophils with mAb Or-1 (19) using perox-
idase-labeled goat anti-rat IgG as the secondary detection mAb and 3-amino-9-ethylcar-
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ba/.ole (AEC) as a chromogen followed by a hematoxylin counterstain. To block aspe-
cific peroxidase activity sections were pretreated for 10 min with PBS containing 0.03%
H,O,. No significant staining was detected in slides incubated with a control mAb.

RKNAL FUNCTION

Renal function was determined in serum obtained by orbital punction at the time of sac-
rifice. Blood urea nitrogen (BUN) and serum creatinine were kinetically measured with
a C'obas Fara autoanalyzer (Roche, Basle, Switzerland).

STATISTICS

Prior to experimentation, required numbers of animals per group were determined by
analysis of power using data obtained from pilot-studies. All data are expressed as the
mean t Sl-M. and statistical analysis was performed by Student's T-test. P<0.05 was
taken to denote statistical significance.

RESULTS

ROT F OK CASPASE-1 ACTIVATION IN THE DEVELOPMENT OF RENAL I /R INJURY

The role of caspase-l in renal I/R injury was studied by subjecting caspase-1 deficient
mice to renal ischemia as described before (5). Overall assessment of renal functional
damage as measured by determination of BUN and serum creatinine, showed that the
lack of caspase-l did slightly, but not significantly reduce the extent of renal functional
impairment as compared to controls (Figure 1A and B). In line, no apparent reduction in
the extent of tissue damage was histologically discernable in kidneys from caspase-1-/-
mice after I/R as compared to controls (Figure 2. data not shown). Neutrophil influx as
reflected by renal MPO content was minimally but significantly decreased after I/R in
caspase-1 -/- mice when compared to PBS treated controls, however as compared to sham
operated controls renal MPO content was significantly increased (Figure 3). Also, the
observed decrease in I R-induced MPO content in caspase-l-/- mice did not result in an
additional improvement in renal function (Figures IA and IB). As compared to wild type
controls, caspase-1 -'- mice did not show an apparent decrease in renal inflammation after
1 R as reflected by immunohistology for neutrophils (Figure 4) and TNF-a (Figure 5).
We observed that both the caspase-l- - and caspase-1+/+ mice with similar phenotypic
background, as compared to the Swiss mice showed a slightly lower TNF-a specific
staining intensity. However, no differences between caspase-l-/- and caspase-1+/+ mice
were observed. Evaluation of the degree of apoptosis after 24 h of reperfusion as reflect-
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ed by renal TUNEL-histology (Figure 6), caspase-3-like activation (Figure 7) and inter-
nucleosomal DNA cleavage (Figure 8) showed no significant differences between cas-
pase-l- - and caspase-l +/+ mice. The observed large variability in caspase-3-like activi-
ty (Figure 7) may be a consequence of the multispecificity of Ac-I)l\Vl)-amc as a sub-
strate as well as of the fact that kidney homogenates (containing different cell types and
extracellular material) were used. Considering this, one could speculate that the non-sig-
nificant tendency of caspase-3-like activity to decrease in kidneys from caspase-1 -/- mice
(Figure 7) reflects reduced proteolytic activation of caspase-3 and other caspases that can
be activated by caspase-l and exhibit affinity for the DHVD-motif (20, 21). Although
slightly attenuated inflammation and apoptosis were observed in caspase-l-/- mice, the
present findings indicate that renal I/R-induced apoptosis, inflammation and tissue dam-
age occur largely independent from caspase-l activation.
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Figure 1 Renal function after 24 h in the different experimental groups as reflected by blood
urea nitrogen (BUN) (A) and crcatininc (B) content. Statistical significance as compared to
PBS treated animals was denoted at P<0.05 (•). As compared to sham controls, all groups
showed significantly (P<0.001) increased BUN and serum crcatinine levels (not indicated) The
data shown are means ± SEM.
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EFFECT OF IL-1 OR IL-18 NEUTRALIZATION ON RENAL FUNCTION AND TISSUE DAMAGE

AFTER I/R :

Interventions with Il.-IKA, anti IL-lRandanti IL-18 in the employed model failed to sig-
nificantly decrease BUN content (Figure 1 A) or serum creatinine (Figure IB) as compared
to PBS controls after 24 h of reperfusion. IL-1RA, anti IL-1 R and anti IL-18 also could
not prevent the loss of histological integrity in animals subjected to renal I/R (Figure 2,
data not shown). Similar to PBS controls, kidney damage was histologically evident in
these mice after 24 h of reperfusion. PAS staining revealed dilatation of proximal convo-
luted tubuli, intralummal tubular debris, loss of tubular brush border membrane integrity,
patchy necrosis and detachment of tubular cells from supporting basement membranes.
These Undings suggest a lack of functional involvement of activated caspase-1 and its pro-
inllammatory activation products in the injurious response to renal I/R.

Figure 2. PAS-stains of renal biopsies 24 h after surgery (magnification 2(K)x. bar represents
2(M) |jm). As compared to Swiss mice subjected to the sham-procedure (A), renal I/R in Swiss
mice treated with PBS leads to extensive histological damage, characterized by tubular dilata-
tion, luminal debris, tubular vacuolization, damaged brush border membranes and tubular
necrosis at 24 h (B). Neither the absence of caspase-1 nor the different treatment regimens
attenuated the extent of histological damage (data not shown).

EFFECT OF IL-1 OR IL-18 NEUTRALIZATION ON ACUTE INFLAMMATION AFTER RENAL I/R

Administration II -IRA did not significantly attenuate I/R-induced renal influx of neu-
trophils as reflected by unaltered renal MPO activity (Figure 3) and Gr-1 immunohistol-
ogy (Figure 4) as compared to PBS-treated controls. Anti IL-1 R treatment significantly
attenuated renal MPO content as compared to PBS treated controls, but in kidneys from
such treated mice, formation of a neutrophil infiltrate as reflected by Gr-1 immunohis-
tology was clearly observed (data not shown).
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Figure 3. Ncutrophil influx was assessed quantitatively by determination of MPO increase after
24 h of repcrfusion. Values arc presented relative to the amount of MPO present in the con-
tralateral kidney harvested immediately after repcrfusion and normalized with respect to the
MPO increase after 24 h of reperfusion in PBS treated mice. Statistical significance as compared
to PBS treated animals was denoted at P<0.05 (•) and P<().()l (••). Statistical significance as
compared to sham controls was denoted at P<0.()5 (#) and P«O.Ol (##). The presented data arc
means ± SEM.

B - v
Figure 4. Immunohistochemical staining by mAb Gr-I of infiltrating neutrophils (magnifica-
tion lOOx, bar represents 200 (m). Neutrophils were scarcely present in kidneys obtained from
sham-operated Swiss mice (A). In contrast, marked renal ncutrophil accumulations were
observed in PBS treated Swiss mice after 24 h of repcrfusion (B). After 24 h of repcrfusion cas-
pase- I-/- mice (C) or Swiss mice treated with (LIRA (D), anti IL-IR or anti IL-1K (data not
shown) showed similar I'R-mduced renal ncutrophil infiltrates.

Our data do not reveal whether the latter is a result of dissimilar assay sensitivity or is
due to pharmacokinetic differences between 17 kDa IL-1 RA and 150 kDa anti IL-1R. As
compared to PBS controls, IL-1 RA (Figure 5) and anti IL-IR (data not shown) failed to
apparently attenuate enhanced renal TNF-a production most prominently distributed in
and along damaged tubular epithelium and infiltrating leukocytes in the outer stripe of
the outer medulla. IL-1 neutralization did not significantly decrease the extent of I/R-
induced renal apoptosis as reflected by TUNEL histology (Figure 6, data not shown), up-
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regulation of caspase-3-like activity (Figure 7) and apparent internucleosomal DNA cleav-
age (Figure 8). However, consistent with the observations in caspase-1-/- mice that were
subjected to renal I/R, a moderate effect of IL-1 and IL-18 inhibition on caspase-3 activi-
ty was observed (Figure 7). The present findings also confirm that IL-18 does not exten-
sively contribute to acute I/R-induced inflammation (Figure 3) or apoptosis (Figures 7 and
8). Similarly, these data indicate that neither caspase-1 dependent nor caspase-1 inde-
pendent production of IL-1 as a result of apoptosis is crucial to the induction of acute
inflammation after renal I/R (Figure 3 and 4).

• l •

B
Figure 5. Immunohistochemical staining of TNF-a by mAb 52B83 (magnification lOOx, bar
represents 200 urn). While absent in kidneys obtained from sham-operated Swiss mice (A),
TNF-a was expressed in the outer stripe of the outer medulla, distributed in and along damaged
tubular epithelium and in infiltrating leukocytes in Swiss mice after 24 h of rcperfusion (B).
ILIRA (C), anti IL-1R and anti IL-18 treated Swiss mice (data not shown) showed similar renal
TNF-a expression after 24 h of rcperfusion. The caspase-1-/- (D) and caspase-1+/+ (data not
shown) mice as compared to the Swiss mice showed a minimal decrease in TNF-a specific
staining intensity. However, in this respect no differences between caspase-1-/- and caspase-
I+/+ mice were observed.

B

Figure 6. Representative light micrographs showing in situ detection of DNA nick ends by
Tl'NI'l. histology (magnification I(X)\. bar represents 200 Jim). Nuclei of apoptotic cells
exhibit brown staining as a result of internucleosomal DNA cleavage. Nuclei lacking frag-
mented DNA stain blue. In contrast to sham operated Swiss mice (A), tubular epithelial cells
of the outer medulla of biopsies obtained from either PBS treated Swiss mice (B) or caspasc-
I- - mice (C) after 24 h of repcrfusion showed extensive apoptosis. Treatment with IL-IRA
(D), anti IL-1R or anti IL-18 (data not shown) did not result in attenuation of apoptosis after 24
h as reflected by TUNEL-histology.
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Figure 7. Renal caspase-3-like activities were determined kmctically in homogenatcs of tissue
obtained after 24 h of reperfusion in a fluorogenic substrate assay in which Ac-DHVD-amc
served as a substrate. As discussed in the main text, the large variabilities may be a consequence
of the multispecificity of Ac-DEVD-amc as a substrate or a consequence of employing tissue
homogenatcs. Data arc expressed as the increase in fluorescence as a function of time, normal-
ized against data obtained from the sham operated group. Statistical significance as compared
to PBS treated animals was denoted at P- 0.01 (••). Except for PBS treated mice, no groups
showed significantly altered caspasc-3-likc activities after I/R as compared to sham controls
(not indicated). The data shown arc means ± SEM.

not*

Figure 8 The extent of renal apoptosis after 24 h of reperfusion is reflected by the presence of
fragmented DNA amplified by LM-PCR and detected on cthidium-bromidc-staincd gel.
Neither the absence of caspase-l nor the different treatment regimens prevented renal mlcrnu-
cleosomal DNA cleavage M. molecular weight markers (range. I(X) to 2(XX) base pairs).
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DISCUSSION

It was previously demonstrated that upregulated caspase-1-like activity after renal I/R
(12, 22) can be prevented by treatment with the broad-spectrum caspase inhibitor zVAD-
fmk. We recently demonstrated that the latter treatment abrogates I/R-induced apoptosis
and inllammation (7), suggesting a functional role for activated caspase-1 after renal I/R.
In order to elucidate the putative involvement of caspase-1, we subjected caspase-1-/-
mice to renal I/R. The present findings show that the absence of caspase-1 does not lead
lo significant attenuation of apoptosis or inflammation in our model after 24 h of reper-
lusion. Hence, these findings suggest that I/R-induced apoptosis, inflammation and con-
sequent tissue damage can occur independent from caspase-1 activation.

Release of biologically active IL-1 is largely dependent on activation of intracellular
caspase-1. However, recent observations show that inflammation mediated by the pro-
inflammatory cytokine IL-1 can be induced by apoptotic cells in v/vo independent from
active caspase-1 (8). Active caspase-1 also mediates release of the IFN-y inducing
cytokine IL-18 (23). Like IL-1 (24), this pro-inflammatory cytokine has been shown to
be up-regulated early after renal reperfusion and, in conjunction with IL-12 to contribute
to delayed l/'R-induccd inllammation characterized by IFN-y dependent renal MHC up-
regulation (12, 25). Similar to wildtype controls, caspase-1 deficient knockout mice
showed marked increases in renal MHC class I and II expression after 7 days of renal
reperfusion (personal unpublished observation). We hypothesized that activated caspase-
1 constitutes an intermediate between apoptosis and inflammation. Such a mechanism
may explain why apoptosis extensively contributes to the development of subsequent
inllammation in the course of renal I/R (7). However, the present findings indicate that
neutralization of endogenous IL-1 only marginally decreased I/R-induced acute inflam-
mation and organ damage. Neutralization of endogenous IL-18 also did not reduce the
extent of inflammation and organ damage, which is in line with previous results from our
laboratory (12). In the model employed, caspase-activation is essential for the develop-
ment of subsequent inflammation and organ damage (7). The present results indicate a
limited functional role for activated caspase-1 and its activation products in the events
leading to inflammation after renal 1/R. Hence, beside caspase-1, other caspases or com-
binations thereof, are likely to be more prominently involved.

In the heart. Yaoita et al. showed that zVAD-fmk treatment reduced I'R-induced infarct
volume and apoptosis (26). but the contribution of caspase-1 inhibition to this therapeu-
tic effect remains to be established. In the brain, Hara et al. showed that intraventricular
administration of SO ng zVAD-fnik to mice and rats subjected to 2 h filamentous middle
cerebral artery occlusion followed by reperfusion. significantly decreased infarct volume
and neurological deficit (27). Administration of 400 ng of the caspase-1 selective
inhibitor YVAD-CMK. mimicked these results (27). In line, transgenic mice overex-
pressing a caspase-1-blocking mutant form of caspase-1 exhibited decreased brain infarct
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volume, reduced internucleosomal DNA cleavage and attenuated local IL-1 expression
following brain I/R (28. 29). The discrepancy between the results obtained in models of
I R-induced brain damage and the present data obtained in a model of renal 1 R, may
reflect pathophysiological differences at the organ level. Although comparison between
organ systems is difficult, the latter notion is supported by the observed lack of thera-
peutic efficacy of IL-1 neutralization in the treatment of l/R-induced renal injury (refer-
ence 11 and present results) as compared to the efficacy of IL-1 inhibition to reduce l/R-
induced brain injury (30-32).

We previously demonstrated that zVAD-fmk treatment abrogated renal I/R injury (7),
potentially as a result of caspase-1 inhibition. In line, recent evidence suggests function-
al involvement of caspase-1 in hypoxic injury to proximal tubules in an m W/m model
(33). However, tubular damage in this /« W/ro model is characterized by the presence of
hypoxia-induced necrosis rather than apoptosis (34). In contrast, the moderate period of
ischemia applied in the present /« v/vo model in caspase-1 -/- mice is followed by a strong
reperfusion-induced apoptotic reaction. The present results do not exclude a contribution
of caspase-1 in hypoxia-induced necrotic lesions, but rather establish a limited overall
role for caspase-1 activation in the development of renal I/R injury /« rm>.

The link between caspase activation and onset of inflammation remains largely
unknown. Insufficient local phagocytotic capacity to resolve sudden widespread apopto-
sis may lead to secondary necrosis and inflammation in kidneys subjected to I/R (35, 36).
Furthermore, activation of other pro-inflammatory mediators by apoptosis has been
reported, including cleavage products of aminoacyl-tRNA synthetases (37) and activa-
tion and release of the chemokine endothelial monocyte-activating polypeptide II
(EMAP-II). Recently, the latter has been demonstrated after renal I/R (7) and may be
selectively triggered by caspase activation (38). However, more studies are required to
elucidate the functional role of caspase activation in the induction of an inflammatory
response after I/R.

The observation that abrogation of early I/R-induced renal caspase activation prevents
the development of inflammation indicates that key features of the apoptotic process are
crucial to the initiation of inflammation and subsequent tissue injury. Although renal cas-
pase-1-like activity is clearly up-regulated after I/R, our present results indicate that nei-
ther activated caspase-1 nor its inflammatory cleavage products are central mediators of
apoptosis-induced inflammation after renal I/R. Thus, other activated caspases besides
caspase-1. or combinations of activated caspases with affinity for peptide caspase
inhibitors like zVAD-fmk are essential for the development of the injurious response fol-
lowing renal I/R. More insight in the role of these caspases in the induction of inflam-
mation may provide a basis to more effectively treat the clinical aspects of renal I/R
injury.
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ABSTRACT

Ischemia followed by reperfusion (I/R) of a kidney initiates a destructive inflammatory
reaction that is largely responsible for subsequent organ dysfunction. As a consequence,
transplantation of ischemically damaged donor kidneys has been limited. One of the ear-
liest prerequisites for the development of I/R-induced inflammation is locally increased
chemokine expression. We recently demonstrated that also apoptosis, characterized by
inlracellular caspase-activation, contributes to the development of inflammation follow-
ing I/R.

Renal I/R was investigated employing a murine model of 45 min unilateral ischemia
and contralateral nephrectomy. The contribution of renal apoptosis, reflected by the
extent of internucleosomal DNA fragmentation, was functionally investigated using
interventions with the pan-caspase inhibitor /.VAD-fmk. Renal expression of the
chemokines MIP-2 and KC were investigated using RT-PCR and immunohistology and

EMAP-II activation using Western blotting. Neutrophil influx in the postischemic kidney
and kidney dysfunction were reflected by renal myeloperoxidase activity and serum
ureuin and creatinine levels, respectively.

We demonstrate renal up-regulation of the CXC chemokines KC and MIP-2 at the
inRNA and protein level after I to 16 h of reperfusion, coinciding with intrarenal activa-
tion of the chemokine EMAP-II. Treatment with the caspase inhibitor ZVAD-fmk upon
reperfusion effectively prevented I/R-induced renal apoptosis, KC and MIP-2 up-regula-
tion and HMAP-1I activation after 2 h of reperfusion as well as neutrophil influx and
functional impairment after 24 h of reperfusion.

These data for the first time show that chemokine induction following I/R is dependent
on caspase activation.

INTRODUCTION

Renal ischemia reperfusion (I/R) induces a destructive inflammatory reaction, as reflect-
ed by cytokine production and neutrophil influx in reperfused tissue. Anti-inflammatory
treatment limits tissue damage induced by renal I/R. indicating that inflammation causes
1/R induced organ injury (1.2). We demonstrated in a murine model of renal I/R that cas-
pase inhibition during I/R-induced apoptosis prevents inflammation and tissue damage
(3). This suggests that apoptosis functionally contributes to renal I/R injury. However, the
underlying mechanism of this contribution remains to be resolved.

The hallmark of 1/R-induced inflammation is neutrophil influx in postischemic tissue
(4). This requires antecedent local expression of neutrophil chemotactic factors. Indeed,
mRNA up-regulation of the CXC chemokine KC has been reported after renal I/R (5.6)
and KC and maerophage inflammatory protein-2 (MIP-2) mRNA production were
demonstrated following hepatic I/R (7). Moreover, chemokines such as endothelial
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monocyte-activating polypeptide-Il (EMAP-II) have been implicated during early renal
reperfusion (3). The latter chemokine shares neutrophil chemotactic activity with CXC
chemokines (8) and is activated in, and released by apoptotic cells (9).

This study investigates the interplay between caspase activation, chemokine induction
and inflammation in a murine model of renal I/R. Evidence is provided that renal K.C and
MIP-2 production as well as EMAP-II activation are dependent on reperfusion-induced
caspase activation.

MATERIALS AND METHODS

ANTIBODIES AND REAGENTS

Rabbit anti-murine MIP-2 polyclonal Ab and rabbit anti-murine KC polyclonal Ab were
a kind gift from Dr. D. Remick (University of Michigan. Ann Arbor. Ml) ; pcroxidase
conjugated goat anti-rabbit IgG from Jackson (West Grove, PA); the rabbit antiserum SA
2846 was generated (Eurogentec, Seraing, Belgium) against recombinant mature human
EMAP-II (23 kDa), crossreactive with murine EMAP-II ; z.VAD-fmk and z FA-fmk were
from Enzyme Systems (Livermore, CA); All other reagents were purchased from Sigma
(St. Louis, MO).

EXPERIMENTAL PROTOCOL

All experiments were approved by the Institutional Animal Care Committee of the
University of Maastricht. Renal ischemia was induced as described in detail previously
(11). In brief, male Swiss mice (Charles River Breeding Laboratories, Heidelberg,
Germany) were subjected to renal ischemia by clamping the left renal pedicle for 45 min.
Subsequent to removal of the clamp, the contralateral kidney was removed and stored.
After 1, 2, 4, 6, 16 and 24 h of reperfusion blood was collected, the left kidney was har-
vested and mice were killed.

Upon reperfusion mice were administered intraperitoneally (i.p.) with 30 (ig Z-Val-
Ala-Asp(OMe)-CH2F (zVAD-fmk) (n=20) dissolved in 0.3 ml sterile PBS/I7r DMSO.
A control group was treated with vehicle consisting of 0.3 ml PBS s.c. (n=20) and a
sham-group (n=l 2) was subjected to the same surgical procedure without clamping of the
renal pedicle, treated with PBS and sacrificed at corresponding timepoints. Neither the
solvent DMSO nor 30 j ig Z-Phe-Ala-Ch2F (zFA-fmk) in l<7r DMSO as a negative con-
trol for the caspase inhibiting properties of zVAD-fmk affected the outcome of performed
experiments as compared to PBS treatment (data not shown).
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ASSAY FOR RENAL INTERNUCLEOSOMAL DNA CLEAVAGE

Genomic DNA was extracted from kidneys employing a commercial DNA purification kit
(Wizard, Promega, Madison, WI) according to the manufacturers instructions.
Internucleosomal DNA cleavage in kidneys was investigated on equal amounts of DNA
as previously described (12) with a commercial ligase-mediated (LM)-PCR assay kit
(Apoalert, Clontcch, Palo Alto, CA) enabling semiquantitative measurement of apoptosis.

RT-PCR IOR MURINK MIP-2 AND KC

Total renal RNA was extracted and transcribed into cDNA of which the concentration was
standardized based on the ß-actin fraction. To determine renal MIP-2 and KC mRNA con-
tent, four 2-fold serial dilutions of cDNA were amplified with specific primers (synthesized
by Hurogentcc, Seraing, Belgium), which were as follows: MIP-2 sense 5-TGCCG-
GCTCCTCAGTGCTG-.V and MIP-2 antisense 5-AAACTTTTTGACCGCCCTTGA-3';
KC sense 5"-CGCTCGCTTCTCTGTGCA-3'and KC antisense 5-ATTTTCTGAAC-
CAAGGGAGCT-.V. After separation on 1.27r agarose gel, PCR products were estimated
by imaging ethidium bromide luminescence with a CCD camera.

K I W I , MYI-I.OPHROXIDASE (MPO), BLOOD UREA NITROGEN (BUN) AND SERUM CREATININE

To quantify the extent of renal neutrophil accumulation, renal MPO content was deter-
mined as described previously (II). BUN content and serum creatinine were measured in
serum obtained by orbital puncture at the time of sacrifice using a BUN unimate 5 kit and
a CREA MPR3 kit (Boehringer Mannheim, Mannheim, Germany) in a Cobas Fara auto-
analyzer (Roche. Basle, Switzerland).

MIP-2 AND KC IMMUNOHISTOLOGY

Specimens of harvested kidneys were immediately fixed in buffered formaline and paraf-
fin embedded. Sections (5 |im) were pretreated for 10 min with PBS containing 0.03%
H2O2 and staining for MIP-2 and KC was performed with the appropriate polyclonal Ab.
Peroxidase-labeled goat anti-rabbit IgG was used as a secondary detection mAb and 3-
amino-9-ethylcarbazole (AEC) as a substrate, followed by a hematoxylin counterstain.
No significant staining was detected in slides incubated with control rabbit serum instead
of the primary detecting Ab.
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WESTERN BLOT ANALYSIS OF EMAP-II ACTIVATION

Frozen samples of harvested kidneys were homogenized and prepared as described pre-
viously (3). 35 fig protein per lane was electrophoresed in I5'£ SDS/PAGE. proteins
were transferred to nitrocellulose membranes, which were blocked with PBS/5'/? nonfat
dry milk and incubated for 3 h with EMAP-11 antiserum (diluted I:2(XM) in PBS/O.I*
Tween 20). After washings, membranes were incubated for 2 h with peroxidasc-labcled
goat anti-rabbit IgG, washed and developed by enhanced chemiluminescence.

STATISTICS

Data are expressed the mean ± SEM. and statistical analysis was performed by Student's
T-test. p<0.05 was taken to denote statistical significance.

RESULTS AND DISCUSSION

Various cell types that are present in the kidney are able to produce CXC chemokines like
KC and MIP-2. including tubular cells (13), monocytes (14) and mesangial cells (15). To
study the involvement of chemokines produced by these cells during I/R, we evaluated
renal KC and MIP-2 production at the transcriptional. and at the protein level. As compared
to sham controls, renal KC mRNA levels increased after I and 2 h of reperfusion (Figure
I). which is in line with previous observations (5.6). In addition, coinciding with KC
mRNA up-regulation, increased levels of renal MIP-2 mRNA were detected (Figure I).
Similar to sham controls, renal KC and MIP-2 protein were not discernablc by immuno-
histology at these timepoints (data not shown). Starting from 4 h of reperfusion. KC and
MIP-2 mRNA additionally increased, reaching peak levels at 6 h (Figure I). At that lime,
immunohistology revealed the presence of extracellular KC (Figure 2B) and MIP-2 (Figure
2C) in the proximity of tubular epithelial cells of the outer stripe of the outer medulla, which
was absent in sham controls (Figure 2A). After 16 h of reperfusion. KC and MIP-2 mRNA
was still increased as compared to sham controls, however to a lesser extent as compared
to kidneys obtained after 6 h (Figure I). These findings for the first time reveal the time-
course of KC and MIP-2 induction in the development of inflammation following renal I/R.

Next, we investigated the effect of I/R on proteolytic EMAP-II activation by Western-
blotting. It has been shown that active EMAP-II can induce the CXC chemokine IL-8 /«
w«j (8). After 1 h of reperfusion, no apparent EMAP-II activation was found (Figure 3).
However after 2 h. enhanced cleavage of the 43 kDa EMAP-II precursor was observed
(Figure 3), resulting in appearance of the active 23 kDa cleavage product, which
remained detectable until 24 h of reperfusion. confirming previous results (3;. The pres-
ent findings show additional chemokine induction between 2 and 6 h of renal reperfusion.
This sequence of events suggests that EMAP-II activation, a caspase-dependent process
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observed after as early as 2 h of reperfusion, is functionally involved in I/R-induced CXC
chemokine induction. Such involvement could explain the therapeutic efficacy of caspase
inhibition in preventing I/R-induced inflammation as reported previously (3).

ft-actin

KC

MIP-2

om.o*Mcr*c. (hr.) 4 I U I I

Figure I. Renal KC and MIP-2 mRNA levels. Increased renal mRNA for both chemokines was
detected aller I and 2 h of reperfusion. From 2 h of reperfusion KC and MIP-2 mRNA levels
additionally increased, reaching peak levels at 6 h and decreased again after 16 h. Significant
chemokine mRNA expression was neither detected in mice treated with ZVAD-fmk upon
reperfusion nor in sham controls. Shown are representative samples of samples calibrated
against equal amounts of ß-actin mRNA.

Pro-EMAP-II has been shown to be a substrate for activated caspases (9, 10). We there-
fore studied the mechanisms by which caspase activation contributes to I/R injury. The
present findings reveal abrogation of EMAP-II activation after 2 h of reperfusion in mice
that were administered zVAD-fmk upon reperfusion (Figure 3). The involvement of
EMAP-II in CXC chemokine induction after I/R. is supported by the present observation
that /.VAD-fmk abrogated also I/R-induced KC and MIP-2 mRNA up-regulation after 2
(data not shown) and 6 h (Figure 1) of reperfusion. Consistently, no renal KC and MIP-
2 protein was detected by immunohistology in ZVAD-fmk treated mice after 6 h of reper-
fusion (Figures 2D and E).

To confirm the efficacy of caspase inhibition on I/R-induced apoptosis, subsequent
inflammation and organ dysfunction, we investigated the effects of zVAD-fmk on I/R-
induced renal internucleosomal DNA cleavage (a feature of apoptosis downstream of
caspase activation), neutrophil influx and renal function. We observed a clear reduction
in internucleosomal DNA cleavage (Figure 4) and neutrophil influx as reflected by a
reduced renal MPO content (Figure 5) as well as significant renal functional improve-
ment as reflected by decreased BUN content (Figure 6A) and serum creatinine levels
(Figure 6B) in zVAD-fmk treated mice after 24 h of reperfusion. These results confirm
our earlier data and show that the caspase inhibitor ZVAD-fmk interferes with a crucial
mechanism in the development of I/R-induced tissue damage. The functional involve-
ment of KC and MIP-2 was previously demonstrated in the development of inflamma-
tion and tissue injury after hepatic I/R (7). Hence, in our renal I/R model, the observed
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therapeutic effect of zVAD-fmk is a likely consequence of the abrogation of chemokine
induction. Interestingly, a recent report indicates that caspase inhibition induced by Z-
Asp-cmk pretreatment fully prevents the development of hepatic 1/R injury in rats (16).
In line, EMAP-II can induce chemokines as well as P- and E-selectin /» Wm> (8) and we
demonstrate its activation to be a caspase-dependent process that preceeds and coincides
with chemokine induction during the development of inflammation following I/R.
Therefore, it is tempting to hypothesize that activated EMAP-II plays an intermediate
role between I/R-induced caspase activation and inflammation.

Figure 2 Representative immunohistology for renal KC and MIP-2 protein While ahsenl in
sham controls (A). KC (B) as well as MIP-2 (C) could he clearly delected cxlracellularly in the
proximity of tubular epithelial cells of the outer stripe of the outer medulla. Mice treated with
zVAD-fmk upon rcperfusion failed to show significant renal KC (D) or MIP-2 (E) expression,
(magnification was x25O).

Several hypothesis may explain apoptosis induced inflammation during I/R. Caspase-1
mediated IL-lß (17) and IL-18 (18) release may occur during apoptosis m v/v«.
However, neither neutralization of IL-I (19) nor IL-18 (20) significantly attenuated
inflammation after renal I/R. Alternatively, insufficient local phagocytotic capacity to
clear apoptotic cells has been associated with subsequent necrosis, a process termed
"secondary necrosis" (21). Since discrimination between apoptosis and necrosis /« v/v«,
seldom yields conclusive results (22, 23), it is difficult to estimate the contribution of sec-
ondary necrosis to I/R-induced inflammation in the employed model.
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Our findings suggest that chemokines are important intermediates between apoptosis and
initiation as well as perpetuation of inflammation after I/R. The chemokine EMAP-II is
processed and released upon the induction of apoptosis I/I v/'vo and /« v/f/w (9). In line,
pro-KMAP-II is activated by caspase-7 (10), a prominent apoptotic effector caspase (24)
and the peptide sequence of active EMAP-II exhibits strong homology with other pro-
inflammatory mediators (25). Moreover, it was shown that pro-apoptotic mediators can
cleave aminoacyl-tRNA synthetase, leading to release of the pro-inflammatory NHi-ter-
tninal catalytic domain of tyrosyl tRNA synthetase (mini-TyRS)(26), demonstrating the
existence of different pro-inflammatory aspects of apoptosis that potentially contribute to
I/R injury.

reperfusion(h)

3. Representative Western blots showing inlrurenul EMAP-II activation. 43 kDa pro-
HMAP-II was eonstitutively present in all samples. After 2 as well as 24 h of reperfusion 23
kDa active HMAP-Il was detected in PBS treated mice subjected to renal I/R. Conversely,
active LiMAP-II was neither delected in mice treated with zVAD-fmk upon reperfusion nor in
sham controls after 2 h of reperfusion.

Fijjure 4. The extent of renal apoptosis in different treatment groups is also reflected by the
presence of fragmented DNA (as a result of internucleosomal DNA cleavage) amplified by
LM-PCR and visualized on elhidium-bromide stained gel. Base pairs (bp) are indicated.
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Figure 5. Neutrophil influx was assessed quantitatively by determination of MPO increase ul 2
and 24 h of reperfusion. Values are presented relative to the amount of MIH) present in the con-
tralatcral kidney harvested immediately after reperfusion and normalized with respect to the
MPO increase at 24 h in PBS treated mice subjected to I/R Statistical significance as compared
to PBS controls was denoted at p < 0.05 (*). The presented data are means ± SKM

In summary, our findings associate apoptosis with liberation of pro-inflammatory medi-
ators and for the first time show that chemokine-induction during I/R is dependent on
caspase activation. Caspasc inhibitors such as zVAD-fmk. Z-Asp-cmk (16) and insulin-
like growth factor-I (3) may provide novel means to treat conditions complicated by I/R
injury (27). Elucidation of the full contribution to I/R pathogenesis of EMAP-II, mini-
TyRS, and other pro-inflammatory mediators that are liberated during apoptosis awaits
the development of specific neutralizing agents directed against these factors. This could
then yield a better mechanistic insight, which is necessary to effectively and specifically
prevent clinical manifestations of I/R injury, including complications arising from the use
of ischemically damaged donor organs, cardiopulmonary bypass surgery, aortic cross-
clamping and circulatory shock.

133



Chapter 7

S
o

0)

8
z
D
CD

60 -

40 -

20 -

0-

DPBS
• ZVAD

* * *

r*~i

T

sham I/R

cu

2!u

«0

rlUU "

160 -

120-

80 -

40 -

0 -

DPBS
• ZVAD

* •
T

T

sham I/R

Figure 6. Renal function after 24 h in the different experimental groups as reflected by blood
urea nitrogen (BUN) (A) and creatinine (B) content. Statistical significance as compared to
PUS treated animals was denoted at rx().()5 (*). The data shown are means ± SEM.

RlU'HRF.NCF.S

Takada M. Nadeau KC. Shaw GD. Marquctte KA. Tilney NL. The cytokine adhesion molecule
cascade in ischemia/rcperfusion injury of the rat kidney: Inhibition by a soluble P selectin lig-
and. 7 (7/M /«\-r.\7 1997; 99: 2682.
Linus SL. Whittcnhurg D. Parsons PE. Repine JE. Mild renal ischemia activates primed neu-
trophils to cause acute renal failure. KiV/nfv //ir 1992: 42: 610.
Oaemen MARC. \an I Veer C. Deneckcr G. Heemskerk VH. Wolfs TGAM. Clauss M.
Vandenabeele P. Buurman WA. Inhibition of apoptosis induced by ischemia-reperfusion prevents
inllammation. 7 C/m /wir.vf 1999; 104: 541.

134



Apoptosis induces chemokines

4. Klausner JM. Paterson IS. Goldman G. Kobzik L. Rodzen C. Lawrence R. Valeri CR. Shepro D,
Hechtman HB. Postischemic renal injury is mediated by neutrophils and leukntriencs. 4 HI 7
/»/IVA-W/ 1989; 256: F794.

5. Chiao H. Foster S. Thomas R. Lipton J. Star RA. Alpha-melanocyte-stimulating hormone
reduces endotoxin-induced liver inflammation. 7 C7/'w /«ir.v/ 1996; 97: 2038.

6 Safirstein R. Megyesi J. Saggi SJ. Price PM. Poon M. Rollins BJ. Taubman MB Expression of
cytokine-hkc genes JE and KC is increased during renal ischemia .AIM J /Viv.wo/ 1991; 261:
F1095.

7. Lcntsch AB. Yoshidome H. Cheadle WG. Miller FN, Edwards MJ Chemokine involvement in
hepatic ischemia/reperfusion injury in mice: roles for macrophage inflammatory proiem-2 and
KC. H<TW/M/«;?V 1998: 27: 1172.

8. Kao J. Houck K. Fan Y. Haehnel 1. Libutti SK. Kayton ML. Grikscheil T. Chabot J. Nowygrod
R. Greenberg S. Characterization of a novel tumor-derived cytokmc. Endothelial-monocyle acti-
vating polypcptide II. 7 Ö/V;/ CTMTH 1994; 269: 25106.

9. Knies UE. Behrensdorf HA. Mitchell CA. Deutsch U, Risau W. Drexler HC. Clauss M.
Regulation of endothelial monocyte-aclivating polypcptide II release by apoptosis. /'we A/«f/
4C<K/SO (75/1 1998; 95: 12322.

10. Behrensdorf HA, Van de Craen M. Knies UE. Vandenabeele P. Clauss M. The cndolholial mono-
cytc-activating polypcptide 11 (EMAP II) is a substrate for caspasc-7. /•'/•JW.V /.<•// 2<XH), 466: 143.

11. Daemcn MARC. Van de Ven WCM. Heineman E. ßuurman WA. Involvement of endogenous
interleukin-10 and tumor necrosis factor-alpha in renal ischcmia-rcpcrfusion injury.
7raM.v/>/«/itof/V;n 1999; 67: 792.

12. Staley K. Blaschke AJ, Chun J. Apoplotic DNA fragmentation is detected by a scmiquantilalivc
ligation-mediatcd PCR of blunt DNA ends. CW/ />«//« /)///<'/ 1997; 4: 66

13. Von Asmuth AE, Dcntcncr MA. Ceska M. Buurman WA 1L-6, IL-8 and TNI- production by
cytokine and lipopolysaccharidc-stimulatcd human renal cortical epithelial cells in vitro. fur
Cvfoll;;ic /vVrw 1994; 5: 301.

14. Kopydlowski KM. Salkowski CA. Cody MJ. Van Rooijcn N. Major J. Hamilton TA. Vogel SN.
Regulation of macrophage chemokine expression by lipopolysaccharide in vitro and in vivo. 7
/mmwi«/ 1999; 163: 1537.

15. Luo Y. Lloyd C. Gutierrez RJ. Dorf ME. Chemokine amplification in mesangial cells. 7 /////MM««/
1999; 163: 3985.

16. Cursio R. Gugcnhcim J. Ricci JE. Crencssc D. Rostagno P. Maulon L, Sainl PM. l-crrua B,
Aubcrgcr AP A ca.spa.se inhibitor fully protects rats against lethal normothcrmic liver ischemia
by inhibition of liver apoptosis. F4.V£Ä 7 1999; 13: 253.

17. Miwa K. Asano M. Horai R. Iwakura Y. Nagata S. Suda T Caspasc I -independant IL-1 ß release
and inflammation induced by the apoptosis induccr Fas ligand A/«/«r<' M<-<7 1998; 4: 1287.

18. Saha N. Moldovan F. Tardif G. Pelletier JP. Clouticr JM. Martel PJ. Interleukin-1 ß-convcriing
enzyme/caspase-1 in human ostcoarthntic tissues: localization and role in the maturation of
interleukin-Iß and interlcukm-18 4rf/ir/7;.s Af/i<-«m 1999; 42: 1577.

19. Haq M. Norman J. Saba SR. Ramirez G. Rabb H Role of IL-I in renal ischemic rcpcrlusion
injury 7 4m S w AfepAw/ 1998; 9: 614.

20. Daemcn MARC. Van t Veer C. Wolfs TGAM. Buurman WA Ischcmia-rcpcrfusion induced
IFN-gamma upregulation: Involvement of IL-I2 and IL-I8 7 /mmamV 1999; 162: 5506.

21. Lieberthal W. Levmc JS. Mechanisms of apoptosis and its potential role in renal tubular epithe-
lial cell injury 4m 7 /Vjvsw/ 1996; 271: F477.

135



Chapter 7

22. Färber E. Programmed cell death: necrosis versus apoptosis. Aff«/ P«r/w/ 1994; 7: 605.
23. Columbano A. Cell death: current difficulties in discriminating apoptosis from necrosis in tie

context of pathological processes in vivo. 7 CV// Ä/w/if/n 1995; 58: 181.
24. Stennickc HR. Salvesen GS. Biochemical characteristics of caspases-3. -6, -7. and -8. 7 ßi»/

C7/«7M 1997:272:25719.
25. Clark I.I. Schumacher C. Baggiolini M, Moser B. Structure-activity relationships of intcrlcukh-

K determined using chemically synthesized analogs. Critical role of NH2-lerminal residues aid
evidence for uncoupling of ncutrophil chemotaxis, exocytosis. and receptor binding activities.-/
«////Oi«7M 1991:266: 23128.

26. Wkasugi K. Schimmel P. Two distinct cytokines released from a human aminoacyl-tRNA syt-
thctasc. Sowie«- 1999; 284: 147.

27. Dcigncr HP. Kinscherf R Modulating apoptosis: current applications and prospects for futuC
drug development. Cwrr M d CVir«» 1999; 6: 399.

136



CHAPTER 8

Release of heart fatty-acid binding protein from damaged
renal cells of the rat: potential as an early marker

for mild ischemia-reperfusion injury

Jur K. Kievit, Marc A.R.C. Daemen, Maurice M.A.L. Pelsers, Gauke Kootstra,
Jan F.C. Glatz, and Wim A. Buurman



Chapter 8

ABSTRACT

Heart-type fatty acid-binding protein (H-FABP) is a small (15 kDa) cytoplasmatic pro-
tein present in cardiomyocytes, but also in renal tubular cells. Plasma H-FABP is used as
a sensitive marker for early detection of myocardial infarction. The aim of this study was
to evaluate Il-FABP in a rat model as a marker for renal ischemia/reperfusion (I/R)
injury, in comparison to the marker proteins total Glutathione S-Transferase (GST) and
LDH.

Female Lewis rats (25O-3OOg) were anaesthetized and canulated in the right femoral
artery. Subsequently, a laparotomy was performed and warm ischemia was induced to the
left kidney by cross-clamping the renal vessels for 0 (sham), 20, 40 or 60 min, followed
by reperfusion. Fach group consisted of 6 rats. Blood samples (0.5 ml) were drawn after
0, 15, 30, 60 and 120 min of reperfusion. H-FABP was analyzed with a rapid, one step
sandwich HLISA and LDH and GST were analyzed enzymatically. After sacrifice, rat
kidneys were harvested for histological analysis.

Immunohistochemical staining of rat kidney showed H-FABP presence in distal tubu-
lar cells. From 15 min onwards after reperfusion, mean H-FABP plasma levels were sig-
nificantly increased in the 20, 40 and 60 min WIT groups compared to the sham group
(p« 0.05). GST and LDH levels were only significantly raised in the 60 min WIT group,
starting 15 and 60 min after reperfusion, respectively.

The results indicate that plasma LDH and GST reliably detect severe renal I/R injury
in respectively the late and early reperfusion phase, but fail to detect mild I/R injury.
Plasma H-FABP reliably detects mild as well as severe I/R injury in the early reperfusion
phase. The data suggest the usefulness of plasma H-FABP as a viability test during
machine perfusion of NHB donor kidneys.

INTRODUCTION

Implementation of a non-heart-beating (NHB) donor program is often considered the most
promising approach towards solving the problem of donor kidney shortage (1). However,
kidneys from NHB donors inevitably suffer warm ischemic injury starting immediately
after cessation of cardiac action, lasting until (in situ) cooling with a cold perfusate is
applied (2). As a result of the relatively long warm ischemic period NHB donor kidneys
are more susceptible to ischemia-reperfusion (I R) injury after transplantation than kid-
neys from heartbeating donors. This difference has been reported to be a result of, among
others, free oxygen radical formation, apoptosis and inflammation (3-6).

Insight into the extent of ischemic injury inflicted on a donor kidney before transplanta-
tion is of crucial importance. However, in the clinical situation the duration of the ischemic
episode is often unclear. Additionally, prolonged hypotension or hypoxia of unknown
duration can inflict substantial but difficult to estimate damage during reperfusion.
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Heart-type fatty acid-binding protein (H-FABP) is a small (15 kDa) cytoplasmatic pro-
tein involved in subcellular transport of long-chain fatty acids (7, 8). H-FABP shows a
tissue specific distribution and is present not only in heart and skeletal muscles, but also
in kidney, both in human and rat (9, 10). Due to its small si/e H-FABP has proven to be
a sensitive marker in the early detection of acute myocardial infarction, with a better per-
formance of H-FABP over myoglobin and CK-MB( 11). The aim of this study was to
investigate whether H-FABP release from ischemically damaged rat kidneys can be
employed as a reliable plasma marker of ischemia-reperfusion damage. To this end, II-
FABP plasma levels were compared with standard markers of renal cell injury in a rat
model.

MATERIALS AND METHODS

EXPERIMENTAL PROTOCOL

Female inbred Lewis rats with an average weight of 300 g, housed and led under stan-
dard laboratory conditions were used. All experiments performed were approved by the
institutional Fxperimental Animal Care Committee of the University of Maastricht. Rats
were anaesthetized with pentobarbital (6mg / 100g bodyweight in saline i.p). Atter shav-
ing the abdomen, right groin and neck, rats were placed on a heating pad. Body temper-
ature was monitored continuously with a rectal thermometer and maintained at 37°C
throughout the procedure. Subsequently, the right femoral artery was cannulated with a
polyethylene (PE10) catheter, which was tunneled subcutaneously to the neck and filled
with heparanized saline. After closure of the incision in the right groin, a median laparo-
tomy was performed and the left renal artery and vein were cross-clamped atraumatical-
ly for 0 (sham, group I. n=6), 20 (group II, n=6), 40 (group III, n=6) or 60 (group IV, rr-6)
min, followed by removal of the clamp to initiate reperfusion. Quality of ischemia was
checked 5 min after cross-clamping by assessing the aspect of the ischemic kidney.
Similarly, quality of reperfusion was checked 5 min after removal of the clamp After
closure of the laparotomy wound, the rats were allowed to recover from anesthesia.
Blood samples (0.5 ml) were collected in citrate tubes from the arterial catheter immedi-
ately before reperfusion (TO), and at 15. 30. 60 and 120 min after reperfusion (Figure I).
Preliminary results showed a marked a-specific increase off each of the markers after
more than 120 min of reperfusion. also in the sham group (results not shown). All sam-
ples were replaced immediately with an equal volume of heparanized saline (10 lU/ml).
Rats were supplemented with pre-warmed saline to maintain fluid balance and had free
access to water and food. Eight hours after reperfusion rats were sacrificed and both left
and right kidney were immediately removed for histological analysis.
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Figure I. Schematic representation of the study design.

HISTOLOGY

Specimens of harvested kidneys were immediately fixed in buffered formaline and paraf-
fin embedded. Sections (5 |im) were stained for H-FABP with mAb 67D3 (a mouse anti-
rat Ig(i, kindly provided by Hycult biotechnology b.v., Uden, the Netherlands) using per-
oxidase-labeled goat anti-rat Ig(i (Jackson, West Grove, PA) as the secondary detection
mAb and 3-amino-9-ethylcarbazole (AEC) (Sigma, St. Louis, MO) as a chromogen. To
block aspecific peroxidase activity sections were pretreated for 10 min with PBS con-
taining 0.03% H2O2. No significant staining was detected in slides incubated with con-
trol mAb instead of the primary detecting mAb.

ANALYSIS OF EXPERIMENTAL PARAMETERS

1.1)11 was determined using a standard colorimetric assay (Boehringer Mannheim,
Almere, The Netherlands). Plasma GST was measured by assessing the ability of GST to
catalyze the conversion of chlorodinitrobenzene (CDNB) (Sigma) and glutathion (GSH)
(Sigma) into GS-dinitrobenzene and HCT. GS-dinitrobenzene formation represents GST
activity and was kinetically analyzed spectrophotometrically (340 nm) on a Cobas Bio
system (F Hoffmann La-Roche, Basel, Switzerland).

For H-FAMP detection a commercially available ELISA kit (kindly provided by Hycult
biotechnology b.v., Uden, the Netherlands) was used according to the manufacturers
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instructions. The assay employs high-affinity monoclonal antibodies to human H-FABP
which cross-react with rat H-FABP. Rat H-FABP was used as calibrator.

STATISTICS

Statistical significance for differences between groups was calculated with a non-para-
metric Mann-Whitney U test and p<0.05 was considered significant.

RESULTS

H-FABP IS PRESENT IN TUBULAR EPITHELIAL CELLS

H-FABP was reported earlier to be localized in tubular epithelial cells of the rat kidney
(9. 10). In order to confirm the presence of H-FABP in the rat kidney, paraffin embedded
sections of normal rat kidney were studied by immunohistology. Positive immunoslain-
ing for H-FABP was present in the cytosol of proximal tubular cells, however less promi-
nent compared to distal tubular epithelial cells (Figure 2A). H-FABP was not detected in
glomeruli or vascular endothelial cells. No significant staining was detected in slides
incubated with control mAb instead of the primary detecting mAb (Figure 2B). These
results indicate that an increase in H-FABP blood levels due to renal damage caused by
ischemia and reperfusion, if any, may be reflected by release of H-FABP from damaged
renal tubular cells. In order to confirm substantial damage to renal rat tissue indicted by
I R in the experimental groups, sections of paraffin embedded rat kidney exposed to 60
min of warm ischemia followed by 8 hours of reperfusion were PAS stained. In concor-
dance with other experimental models of renal I/R injury (6), cross-sections showed an
overall dilatation of proximal convoluted tubuli, intraluminal tubular debris, loss of tubu-
lar brush border membrane integrity, patchy necrosis and detachment of proximal as well
as distal tubular cells from supporting basement membranes (Figure 2C). Sections ol kid-
neys not exposed to warm ischemia showed no histological damage (Figure 2D).

L D H AND G S T DETECT SEVERE I/R INJURY ONLY

The extent of I/R damage was first assessed by measuring plasma LDH and GST levels.
LDH plasma levels showed a considerable overlap for the 4 groups of rats up to 60 min
after reperfusion (Figures 3A, 4A). Only in case of severe ischemic damage (60 min
WIT) LDH was significantly enhanced in contrast to the sham, 20 and 40 min WIT
groups, but not earlier than after 60 min of reperfusion (p=0.002) (Table 1). The high
baseline level of LDH, also found in the sham group, limited the sensitivity of this param-
eter. Similarly. GST levels showed a high baseline level, and a modest increase during
the 120 min reperftision phase (Figures 3B, 4B). Only for the longest WIT of 60 min a
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significant increase of GST was seen from 15 min after reperfusion (p=0.026) onwans
(Table 1). These findings indicate that plasma LDH and GST detect severe I/R injury n
the late and early reperfusion phase respectively, but each fail to detect mild I/R injurs

Figure 2. Sections of harvested rat kidneys fixed in buffered formaline were stained for H-FABP.
Positive immunostaining for H-FABP was present in the cylosol of proximal tubular cells, how-
ever less prominent compared to distal tubular epithelial cells. H-FABP was not detected in
glomeruli or vascular endothelial cells (A). No significant staining was detected in slides incu-
bated with control mAb instead of the primary detecting mAb (B). Sections of paraffin embed-
ded r;\t kidney exposed to 60 min of warm ischemia followed by 8 hours of reperfusion were
PAS stained. Cross-sections showed an overall dilatation of proximal convoluted tubuli, intralu-
minal tubular debris, loss of tubular brush border membrane integrity, patchy necrosis and
detachment of proximal as well as distal tubular cells from supporting basement membranes (C).
Sections of kidneys not exposed to warm ischemia showed no histological damage (D).

EARLY DETECTION OF MILD I/R INJURY BY H-FABP

In order to determine the usefulness of the low molecular-weight cytoplasmatic protein
H-FABP to detect renal 1 R damage, we measured plasma H-FABP levels in the various
groups. H-FABP levels in all 4 groups start at a relatively low base-line level with a very
narrow distribution (mean 25"> and 75* percentile 2.9 and 5.5 ug/L respectively)(Figures
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3C 4C). After unclamping of the renal vessels, all 3 ischemic groups, show a significant
increase in H-FABP level as early as after 15 min of reperfusion (p 0.016, 0.004 and
0.004 for WIT of 20, 40 and 60 min respectively) (Table 1). At successive sample times,
H-FABP levels in the 20, 40 and 60 min WIT groups were significantly increased com-
pared to the sham group. Mutual comparison of the 3 experimental groups showed no
significant difference in H-FABP between the 20 and 40 min WIT groups (p 0.15), but
clearly between the 20 and 60 min WIT (p=0.006) and the 40 and 60 min WIT (p=0.01)
groups. These results show that H-FABP is a sensitive early marker of renal damage as
a consequence of I/R with little overlap between the experimental groups.
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Figure 3. Mean LDH levels of all 4 WIT groups immediately before and at 4 successive sam-
ple times dunng reperfusion (A). Mean GST levels of all 4 WIT groups immediately before and
at 4 successive sample times during reperfusion (B). Mean H-FABP levels of all 4 WIT groups
immediately before and at 4 successive sample times during reperfusion (C). Significant dif-
ferences in comparison with the sham, 20 min WIT and 40 mm WIT groups is indicated with
*, # and t respectively.
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Figure 4. Boxplot of LDH values after 0. 15 and 60 min of repcrfusion (A). Boxplot of GST
values after 0, 15 and 60 min of reperfusion (B). Boxplot of H-FABP values after 0. 15 and 60
min of reperfusion (C). Every box holds the median levels and 25* and 75'* percentiles (lower
and upper line of each box respectively). Outer lines indicate 1.5 times the interquartile distance
from the median. Baseline levels are indicated by the area between the lower and upper dashed
(———) horizontal lines, representing mean 25th and 75th percentiles respectively of all
groups immediately before reperfusion. The middle (continuous) horizontal line represents
average median levels of all groups immediately before reperfusion.
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Table 1. Summary of statistical analysis of LÜH, GST and H IABP plasma le\cls alter 15. 30,
60 and 120 minutes of reperfusion

SAMPLE TIMES (mm of reperfusion)
WIT'(min) 15 30 60 120

20 versus sham H-FABP- H-FABP

40 versus sham H-FABP H-FABP H-FABP

H-FABP

LDH

60 versus sham

-

40 versus 20

60 versus 20

60 versus 40

H-FABP
GST'
LDH LDH

-

H-FABP
GST
-

H-FABP
GST
-

H-FABP
GST

H-FABP

H-FABP
GST
LDH

H-FABP
GST
-

H-FABP
(iST

-

H-FABP
GST
LDH

H-FABP
(iST
LDH

H-FABP
(iST

-

H-FAHP
GST
-

H-FABP
GST
LDH

| WIT, warm ischemic time; - H-FABP. heart fatty-acid binding protein; ' GST. Glutathionc S-
Transferase. Only significant differences (p<0.05) are mentioned.

DISCUSSION

The results of this study indicate that plasma LDH and CiST reliably detect severe renal
I/R injury in respectively the late and early reperfusion phase, but fail to detect mild I/R
injury. H-FABP permits detection of both mild and severe I/R injury in the early reper-
fusion phase.

Many attempts towards quantification of cellular damage due to ischemia or I/R have
been made. Much effort has been put into measuring the "energy charge" of renal tissue
and the effect of ischemia on this system. The energy charge can either be investigated
using HPLC techniques, in which the ratio of Total Adenine Nucleotides (TAN) over its
Degradation Products (DP) is measured (12). or using 31 P-Magnetic Resonance Spectro-
scopy (MRS) in which an analysis is made of the ratio of Phosphorus Mono-hsthers
(PME) over inorganic Phosphorus (Pi) concentrations in renal tissue corresponding to the
concentrations of AMP and free phosphorus (13). However, clinically these techniques
appear to be too cumbersome. Another approach for estimating renal damage is to use
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the Na/K- ratio. /« v/7w experiments on sections of both human and rat kidneys,
analysing the release of intra-cellular K into the interstitium correlates with increasing
cell damage, however failed to provide sufficient specific data (14). Analysis of mito-
chondrial function after experimental ischemic damage using a tetrazolium reduction test
has been reported to be successful (15), however was not implemented as a clinical test.
Also assessment of cell viability ratio using two dyes staining specifically viable or non-
viable cells proved to be aspecific (16).

Machine preservation is regaining new interest as the modality of choice in order to
assess renal damage prior to transplantation(17). In the past mainly the change in intra-
renal vascular resistance (IRR)( 18) during machine preservation and release of LDH
into the perfusate (19) were analyzed. In case of unnoticed leakage of perfusate from the
system connected to the renal artery or due to a poorly flushed kidney with a consider-
able residual amount of donor blood these tests proved less reliable. Recently measure-
ment of release of the en/yme cx-Glutathione S-Transferase (a-GST) (molecular mass
45 kl)a) proved superior over IRR and LDH release. It appeared to be the only marker
that permits discrimination between kidneys with delayed onset of function (DF) and
kidneys that never started to function (PNF)(20, 21). Enzymatic analyses of "total GST"
in perfusate. consisting of cx-GST, n-GST. u-GST and a-GST, provided similar results
;is (x-GST analysis, since almost all GST released from a kidney due to ischemic dam-
age consists of o-CiST (22). However due to a substantial overlap in GST levels
between the DF and PNF groups it is not possible to define a cut-off point for discard-
ing or accepting a kidney for transplantation with sufficient sensitivity and specificity.
Hence, over-cautious selection of supposedly suitable kidneys for transplantation may
result in discarding a vast number of viable donor kidneys.

H-FABP belongs to a family of at least 9 cytoplasmatic FABP proteins with known
genomic structure, each with a tissue specific distribution in human and various other
species (7). Cytoplasmatic FABP's have a size of approximately 14 kDa and function in
intracellular long-chain fatty acid transport (8). In addition FABP's seem to play a role in
signal transduction pathways (23) and in cell growth and differentiation (24). Release of
cytoplasmatic FABP's from damaged cells was proven to be a powerful diagnostic tool
lor several applications. For instance in the field of cardiology analysis of H-FABP lev-
:1s in plasma has proven a superior diagnostic tool in the early detection of myocardial
infarction compared to other soluble proteins, such as myoglobin (18 kDa). LDH (135
kDa) and (.'routine Kinase MB (CK-MB. 80 kDa)(l 1. 25, 26). This can be explained by
1 ho smaller size of H-FABP (14 kDa) resulting in a more rapid extravasation and, conse-
quently, early peak level of H-FABP compared to LDH and CK-MB (27). and by a rela-
tively low baseline concentration of H-FABP in plasma. Likewise, intestinal FABP (1-
FABP) has been suggested to serve as a diagnostic marker for early small-intestinal
mucosal injury (28).

e
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In concordance with the early detection of ischemic damage to myocardial cells in rat and
human, assessment of H-FABP in the present study allowed detection of mild renal I R
injury in a very early phase, whereas GST and LDH could only detect severe ischemic
damage. The small size of H-FABP compared to LDH and GST seems an important
advantage and the low baseline level of H-FABP appears to be a conclusive property of
this marker protein.

The present study confirmed the presence of H-FABP in rat kidney, mainly localized in
distal tubular cells. Several studies have reported a similar distribution of H-FABP in rat
and human kidney (9, 10). Given this similarity in combination with the results of the
present study. H-FABP can be potentially considered a suitable marker of early renal
ischemic or I/R damage in clinical medicine. A prerequisite for successful clinical impli-
cation of a new test is a relatively rapid measurement procedure. Since the HI.ISA used
to measure H-FABP levels requires approximately 1 hour in total (29), clinical imple-
mentation of H-FABP as a marker protein for early renal damage due to mild ischemic
or I/R phenomena is feasible. Recently an on-line How displacement immunoassay for
H-FABP has been developed, permitting detection of both physiological and pathologi-
cal plasma concentrations up to 2000 ug/L (30). Application of this biosensor technique
has been successfully described to analyze H-FABP plasma levels within 10 min

The next step will be to investigate the suitability of H-FABP implementation as a sen-
sitive marker of renal ischemic or I/R damage in the clinical situation. Based on the pres-
ent findings, we expect H-FABP release from human kidneys during hypothermic
machine preservation, after ischemic injury to occur earlier and more abundantly than
LDH and GST release. This could render H-FABP a marker of viability ol NIIB donor
kidneys. Definition of a safe cut-off H-FABP level, with sufficient sensitivity and speci-
ficity for accepting or discarding a damaged kidney for transplantation should be the ulti-
mate goal. Currently, studies to investigate H-FABP as a marker of ischemic damage to
human kidneys have been initiated.

In summary, in a rodent model LDH and GST reliably detect severe renal I/R injury in the
late and early reperfusion phase respectively, but fail to detect mild I/R injury. H-FABP
reliably detects mild and severe I/R injury in the early reperfusion phase. The small size
of H-FABP. low baseline level and strong increase in level after even mild I/R damage
makes H-FABP a powerful marker of renal I/R injury in the rat Strong similarities in II-
FABP distribution between human and rat kidney have initiated studies investigating the
release of H-FABP from ischemic damaged machine preserved human kidneys, in order
to assess the suitability of H-FABP as a viability test for NHB donor kidneys.
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ABSTRACT

A critical role for apoptosis in the development of renal ischemia-reperfusion (I/R) injury
has been established in the past. The initial apoptogenic events during ischemia and early
repurfusion remain to be resolved. Using a murine model, the involvement of pro-apop-
totic caspase-7 and anti-apoptotic cFLIP during renal 1/R was investigated. Extended
ischemic times up to 45 min, with or without 2 h of reperfusion, induced formation of 19
kl)a active caspase-7 and reduced intrarenal cFLIP content. Treatment with the caspase
inhibitor /VAD-fmk upon reperfusion failed to prevent caspase-7 activation but effec-
tively reduced cFLIP depletion. The length of renal ischemia paralleled with the extent
of renal apoptosis and tubular damage after 2 h of reperfusion as measured by quantifi-
cation of intranuclcosomal DNA cleavage and serum H-FABP levels, respectively. After
24 h of reperfusion, the length of ischemia correlated with the extent of renal inflamma-
tion and kidney dysfunction as reflected by renal neutrophil accumulation and serum
ureum and creatinine levels. These findings are the first to show apoptogenic processes
during ischemia that correlate with the extent of apoptosis, inflammation, tissue damage
and dysfunction upon reperfusion. Caspase-7 activation and cFLIP depletion during
ischemia may be employed to predict the amount of damage to grafts subjected to pro-
longed'ischemia prior to transplantation. These results also attest to the potential of anti-
apoptotic therapy in the prevention of clinical reperfusion injury.

INTRODUCTION

Apoptosis is a feature of tissue damage caused by external stimuli such as radiation (1,2).
physical forces (3), intoxication (4) and ischemia (5). Passive as well as active process-
es have been implicated in the development of apoptosis after such stimuli. For instance,
DNA damage is implicated in radiation-induced tissue damage and also a prominent
attribute of ischemia-reperfusion (I/R) injury where it has been suggested to be mediat-
ed by reactive oxygen free radicals. Under these conditions, sub lethal DNA damage may
activate the tumor suppressor gene p53 to initiate apoptosis, thereby preventing trans-
mission of mutations (2.6). The functional contribution of these and other apoptogenic
mechanisms to the development of tissue damage during reperfusion largely remains to
be resolved.

In various 1 R models it has been established that conversion to the apoptotic pheno-
type occurs within several hours of reperfusion (7-9). Apoptosis in the course of reper-
fusion is a very ingenious solution for quick removal of irreparably damaged and expend-
ed cells without the need for an inflammatory response. However, recent evidence shows
that caspase activation, essential for the initiation and execution of apoptosis. plays a cru-
cial role in development of tissue damage and dysfunction during reperfusion (9,10).
Thus, it is of critical importance to investigate which mechanisms lead to caspase acti-
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vation and apoptosis after I R. Insight in the way by which early biochemical events lead
to later development of tissue damage and the timeframe in which these events take
place, could yield new therapeutic as well as diagnostic means to face the clinical prob-
lem of reperfusion injury. Especially to the management of acute renal failure, which is
the result of I/R injury in 50% of cases (11), such new clinical tools would be of great
benefit.

Apoptosis is an active process and several crucial aspects of the apoptotic response
require ATP (12), which is depleted during ischemia (13). Consequently, completion of
apoptosis essentially requires reperfusion. However, it is likey that during ischemia, cells
conform to biochemical criteria that facilitate execution of apoptosis upon reperfusion.
Therefore, in the present study we chose to investigate several hallmarks til the caspase-
activation cascade not only after reperfusion, but also during the ischemic phase. Using
a murine model of renal 1/R, the putative involvement of caspase-7 activation and cellu-
lar FLlCE/caspase-8 inhibitory protein (cFLIP) depletion during ischemia as well as
reperfusion and its consequences for the development of 1/R injury are investigated. First
we studied caspase-7, an intracellular effector enzyme of the apoptotic cascade that is
enzymatically redundant with caspase-3 (14). Moreover, caspase-7 is the main prote-
olytic activator of EMAP-H (15), a chemokine that becomes locally activated during
reperfusion (9), suggesting a functional role for caspase-7 in the development of 1/R
injury. We also investigated the involvement of cFLIP, a constitutively expressed anli-
apoptotic agent (16). The 55 kl)a full-size form of cFLIP has been demonstrated to
become depleted in the reperfused heart (17). cFLIP is a constitutive inhibitor of death-
receptor mediated apoptosis (16,18), a prominent form of apoptosis in the course of I/R
(19,20).

MATERIALS AND METHODS

EXPERIMENTAL PROTOCOL

All experiments were approved by the Institutional Animal Care Committee of the
University of Maastricht and were conducted in accord with the NIM Guide for the Care
and Use of Laboratory Animals. Renal ischemia was induced as reported previously (20).
In brief, male Swiss mice weighing 20-25 g (Charles River Breeding Laboratories,
Heidelberg, Germany) were anesthetized with sodium pentobarbital (50 mg/kg i.p.) and
body temperature was maintained at 39°C. After laparotomy, the left renal pedicle was
clamped for 15, 30 or 45 min, during which the wound was covered with sterile gauze.
Mice were sacrificed without renal reperfusion and the right and left kidney were harvest-
ed, immediately frozen in liquid nitrogen and stored at -SOX". Control animals were sub-
jected to a sham procedure, which was similar except for clamping of the renal pedicle.
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In separate groups of mice, renal ischemia was followed by release of the clamps in order
to initiate reperfusion. Subsequently the right kidney was removed and stored, the
abdomen was closed, 0.25% bupivacaine was applied topically for postoperative pain
management and mice were supplemented with 1 ml prewarmed PBS to maintain fluid
balance. Since the early apoptotic response that contributes to subsequent inflammation
is disccrnable as early as after 2 h of reperfusion (9), mice were subjected to 15, 30 or 45
min of ischemia and 2 h of reperfusion. As previously shown, in this model the signs of
renal inflammation and functional deterioration are ubiquitous after 24 h of reperfusion
(9), which accounts for the focus on this timepoint after ischemia. Additional animals
were treated with 30 ug zVAD-fmk in 1% DMSO i.p. (n=6) at the time of reperfusion
and sacrificed after 2 h of reperfusion. zVAD-fmk is a caspase inhibitor which previous-
ly has been shown to effectively inhibit I/R-induced apoptosis and inflammation (9). At
the time of sacrifice, blood was collected by orbital puncture and the left kidney was har-
vested Control animals were subjected to a sham procedure, which was similar except
for clamping ol the renal pedicle, and sacrificed at 2 or 24 h after surgery.

WESTERN BLOTTING FOR RENAL CASPASE-7 AND CFLIP

Frozen sampfes of harvested kidneys were homogenized in a buffer containing 200 mM
NaC'l, 10 mM Iris IK'l, pi I 7.0, 5 mM HDTA, 10% glycerol, 1 mM PMSF and 0.1 uM
aprotinin. Whole homogenates as well as cytosolic, mitochondrial and microsomal cen-
trifugation fractions were prepared according to a procedure described previously (21).
After centrifugations, the protein in the supernatants was quantified by the Bradford
method, heated for 5 min at 95°C in Leammli buffer and 50 ug (caspase-7) or 150 ug
(cFLIP) total protein per lane was electrophoresed on a 15% polyacrylamide/SDS gel.
Proteins were transferred to nitrocellulose membranes, which were subsequently blocked
with PBS/5% nonfat dry milk/0.1% Tween 20 and incubated for 1 h with rabbit anti-
murine caspase-7 (generated by immunizing rabbits with the recombinant protein (22))
or rabbit anti-human cFLIP cross-reactive with murine cFLIP (a kind gift from Dr. D.
Nicholson, Merck Frosst Ine, Pointe Claire, Canada) diluted 1:2000 in PBS/0.1% Tween
20. After washings, the membranes were incubated for 2 h with peroxidase-labeled goat
anti-rabbit lg(i (Jackson Inc. West Grove. PA) diluted 1:2000 in PBS/0.1% Tween 20.
washed and developed by enhanced chemiluminescence.

ASSAY FOR INTERNUCLEOSOMAL DNA-CLEAVAGE

Cienomic DNA was extracted from kidneys employing a commercially available DNA
purification kit (Wizard, Promega. Madison, WI) according to the manufacturers instruc-
tions. The presence of intemucleosomal DNA cleavage in kidneys was investigated with
a commercially available ligase-mediated (LM)-PCR assay kit (Apoalert, Clontech. Palo
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Alto. CA) on equal amounts of DNA according to the manufacturers instructions. This
technique allows semiquantitative measurement of apoptosis (23). AU DNA samples
were amplified under the following PCR-protocol: hotstart (72°C for 8 min), 25 cycles
(94°C for 60 seconds and 72°C for 180 seconds) and post-cycling (72°C for 15 min).
Amplified DNA was subjected to gel electrophoresis on a 1.2"<> agarose gel containing
ethidium bromide. Band proportions were estimated for the 600, 400 and 200 bp DNA
fragments by measuring the intensity of ethidium bromide fluorescence with a digital
camera (Imagemaster VDS, Pharmacia, Uppsala, Sweden) using commercially available
gel analysis software (Sigma Gel, SPSS, Chicago, IL).

MUR1NE HEART FATTY ACID-BINDING PROTEIN (H-FABP) ELISA

Tubular epithelial cells have been shown to contain cytoplasmatic H-FABP to a similar
extent as cardiomyocytes (24,25). To evaluate I/R-induced tubular epithelial damage,
serum H-FABP, reflecting release of this protein from damaged tubular epithelium was
measured. To this end, a commercially available HL1SA kit (kindly provided by llycult
Biotechnology b.v., Uden, the Netherlands) was used according to the manufacturers
instructions. This assay employs high-affinity monoclonal antibodies to human H-FABP,
cross-reacting with murine H-FABP. The supplied munne H-FABP was used as a cali-
brator.

RENAL MYELOPEROXIDASE ASSAY

To quantify the extent of renal neutrophil accumulation, renal MPO content was deter-
mined (20,26). In brief, tissue samples were homogenized in 0.5 % hexadecyltrimethy-
lammonium bromide in 50 mM PBS, pH=6.0, 0.17 g tissue/ml. After heat incubation (2
h. 60°C) and three freeze-thaw cycles, MPO content was measured in triplicate by incu-
bating supernatants with tetramethylbcnzidine (TMB) substrate in a %-well sample plate
(Costar. Cambridge, MA) followed by measurement of optical density (OD) at 450 nm.
MPO activity was calculated per mg renal tissue by comparing OD of samples with a stan-
dard titration curve of horseradish peroxidase. Data were standardized with respect to
wet/dry ratios of the assayed renal tissue and are presented relative to the amount of MPO
present in the contralateral kidney harvested immediately after ipsilateral reperfusion.

EVALUATION OF BLOOD UREA NITROGEN (BUN) AND SERUM CREATININE

Blood urea nitrogen (BUN) and serum creatinine were measured in serum obtained at the
time of sacrifice using a BUN unimatc 5 kit in a Cobas Fara autoanalyzer (Roche, Basle,
Switzerland).
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STATISTICS

Data are expressed the mean ± SEM, and statistical analysis was performed by Student's
T-test. P<0.05 was taken to denote statistical significance.

RESULTS

RENAL ISCHEMIA INDUCES CASPASE-7 ACTIVATION AND C F L I P DEPLETION

In order to investigate whether apoptogenic processes emerge during ischemia, we eval-
uated the effect of 15, 30 and 45 min of ischemia on renal caspase-7 activation by
Western blotting. A period of renal ischemia as short as 15 min induced marked caspase-
7 activation as reflected by cleavage of the 35-kDa inactive caspase-7 precursor to 19-
kDa active caspase-7 (Figure I). Prolongation of ischemia to 30 and 45 min lead to addi-
tional formation of activated caspase-7 as compared to the 15 min ischemia group or
sham-operated controls (Figure 1). Fractional centrifugation of 45 min ischemic kidney
homogenates revealed that active caspase-7 was predominantly present in the cytosol and
not in mitochondria or microsomes (Figure 2). No constitutive renal caspase-7 activation
was detected in sham-operated mice (Figure 1).

ZVAD-fmk

35 kDa
32 kDa

22 kDa
19 kDa

ischemia(min) 45 15 30 45 45 451

r e p e r f u s i o n ( h ) I 0 I 0 I 0 I 0 I 2 I 2
Figure I. I-fleets of ischemia with or without subsequent reperfusion on intrarenal caspasc-7
activation. Western blot analysis revealed constitutive expression of inactive 35/32 kDa pro-
caspase-7 in sham controls. Ischemia lasting from 15 to 45 mm lead to formation of 22'19 kDa
activated caspase-7 as compared to sham-operated controls. Activated caspase-7 was also
detectable in kidneys rendered ischemic for 45 min after 2 h reperfusion. The caspase blocker
/YAD-fmk. administered upon reperfusion. slightly reduced caspase-7 activation after 2 h of
reperfusion.
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Similarly, we employed Western blotting to evaluate the efleets of renal ischemia on the
extent of cFLIP depletion. An ischemic period of 15 mm induced no apparent depletion
of renal 55-kDa cFLIP as compared to constitutive cFLIP levels in kidneys from sham-
operated controls (Fig. 3). Extended ischemic times of 30 and 45 min were associated
with a reduction in renal cFLIP content as compared to sham-operated controls (Figure
3). Taken together, these data show that during ischemia apoptogenic processes emerge,
which may facilitate apoptosis upon reperfusion.

45 min ischwnia

3SkDa
32 kDa

22 kDa

19 kDa

/

Figure 2. Subccllular distribution of caspase-7 in kidneys rendered ischemic for 45 min. While
35/32 kDa pro-caspase-7 was generaly present. 22 19 kDa activated caspase-7 was only pres-
ent in the cytosol and not in mitochondria or microsomes as demonstrated by Western blot
analysis employing representative fractions of kidney homogenatcs.

ZVAD-FMK DOES NOT INHIBIT CASPASE-7 ACTIVATION AND PREVENTS CFLIP DbPLETION

UPON RENAL REPERFUSION

Next, we investigated the effects of renal ischemia followed by reperfusion on intrarenal
caspase-7 activation and cFLIP depletion. Activated caspase-7 was clearly present in kid-
neys subjected to 45 min of ischemia and 2 h of reperfusion (Figure I). We previously
showed that zVAD-fmk administration upon reperfusion prevented caspase-1 and cas-
pase-3 activation and additionally conferred protection against reperfusion injury (9).
The present results indicate that zVAD-fmk treatment minimally reduced up-regulation
of 19 kDa caspase-7 after 2 h of reperfusion (Figure 1). suggesting caspase independent
processing of caspase-7 in the course of renal I/R. Although zVAD-fmk treated mice up-
regulate the 19 kDa form of caspase-7 after 2 h, it has to be taken into account that cas-
pase-7 activity most likely is blocked in these animals. Hence, these results do not rule
out functional involvement of activated caspase-7 in the cascade leading to tissue injury
subsequent to renal I/R.

In a model of cardiac I/R, reperfusion has previously been demonstrated to reduce
endogenous cFLIP levels (17). In line, kidneys subjected to 45 min of ischemia and 2 h
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of reperfusion exhibited a strongly decreased cFLIP content as compared to sham con-
trols or kidneys subjected to ischemia alone (Figure 3). Interestingly. zVAD-fmk treat-
ment effectively prevented reperfusion-induced cFLIP depletion after 2 h of reperfusion
(Figure 3). These findings suggest that during early reperfusion. activated caspases are
involved in downregulation of cFLIP. Whether ischemia additionally decreases cFLIP
transcription or translation cannot be concluded from the present data.

ZVAD-fmk

— — — — • • - • " * — 55 kDa

ischemia(min)

reperfusion(h)

Figure 3. Effects of ischemia with or without subsequent reperfusion on intrarenal cFLIP con-
tent. Western blot analysis revealed constitutive expression of cFLIP in sham controls,
ischemia lasting from 30 to 45 min lead to cFLIP depletion as compared to sham controls and
kidneys rendered ischemic for 15 min. Renal cFLIP was clcarlv depleted in kidnevs rendered
ischemic for 45 min after 2 h reperfusion. However, the caspasc blocker zVAD-fmk, adminis-
tered upon reperfusion. prevented reperfusion-induced cFLIP depletion.

min of ischemia

Figure 4. The extent of renal apoptosis in kidneys subjected to 15. 30 and 45 min of ischemia
and 2 h of reperfusion as reflected by the presence of fragmented DNA (as a result of intemu-
clcosomal DNA cleavage) amplified by LM-PCR and visualized on ethidium-bromide-stained
gel. M. molecular weight markers (range. 100 to 2000 base pairs).
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EARLY APOPTOSIS AFTER EXTENDED ISCHEMIC PERIODS FOLLOWED BY RF.PERFUSION

We questioned whether the observed apoptogenic processes that increased in parallel
with the length of ischemia, correlated with the extent of apoptosis upon reperfusion. In
this model of I R injury, apoptosis is disceniable after 2 h of reperfusion. This apoptotic
response contributes extensively to the ensuing inflammatory response, which can be
effectively prevented by zVAD-fmk treatment upon reperfusion (9). We investigated the
effects of increasing ischemic times on the extent of early apoptosis, as reflected semi
quantitatively by the amount of renal internucleosomal DNA cleavage, r-xtended periods
of ischemia of 15 to 45 min followed by 2 h of reperfusion. concomitantly lead to an
increased extent of apoptosis as revealed by increased internucleosomal DNA fragmen-
tation (Figure 4). No apparent internucleosomal DNA fragmentation was observed in
kidneys from sham controls sacrificed 2 h after surgery (Figure 4). We previously showed
that apoptosis in this mode! is associated with increased numbers of TUNHI.-positive
nuclei, caspase activation and morphological alterations indicative for renal apoptosis
after 2 h of reperfusion (9). The current data show that extended periods of ischemia tip
a balance in favour of apoptosis upon reperfusion.

ISCHEMIA IS REFLECTED BY H-FABP RELEASE FROM DAMAGED I UUULI DURING RLPI.RFUSION

I/R has been reported to directly damage cells resulting in spillage of intracellular con-
tents. Murine H-FABP (14 kDa) is constitutively present in the cytosol of tubular epithe-
lium (24,25) and was measured to test whether increasing ischemic periods cause tubu-
lar damage upon reperfusion. Moderate but significant increases in serum H-FABP were
demonstrated in mice subjected to 15 and 30 min of renal ischemia (Figure 5) and, as
expected. 45 min of renal ischemia resulted in even higher serum H-FABP levels after 2
h of reperfusion as compared to sham controls. Mice sacrificed after 24 h of reperfusion
failed to show significantly elevated serum H-FABP levels (data not shown), which
demonstrates that this low-molecular marker reflects early rather than late renal damage.
Thus, extended periods of ischemia induce increasing amounts of direct tubular damage.

We have previously shown that treatment with the caspase inhibitor zVAD-fmk at the
time of reperfusion effectively prevented renal repcrfusion-induced apoptosis, inflam-
mation and functional deterioration in the model that is also employed in this study. In
order to investigate the effect of caspase-inhibition on early tubular damage, mice were
treated with zVAD-fmk, subjected to 45 min of renal ischemia and 2 h of reperfusion.
These mice showed a slight but non-significant reduction in serum H-FABP levels as
compared to PBS controls (Figure 5), indicating that tubular epithelial damage during
early reperfusion occurs independent from I/R-induced renal caspase activation..
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Figure 5. The effect of 15, 30 and 45 mm of renal ischemia followed by 2 h of reperfusion on
scrum levels of the tubular damage marker H-FABP. Longer periods of ischemia lead to
increased serum levels of H-FABP after reperfusion. The caspase blocker zVAD-fmk. admin-
istered upon reperfusion. did not significantly alter scrum H-FABP levels after 45 min of
ischemia and 2 h of reperfusion. Statistical significance as compared to sham controls was
denoted at P<().()5 (*), PM).()I (•*) and P<O.(M)I (••*). The presented data are means ± SEM.
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Figure 6. Neutrophil intlux was assessed quantitatively by determination of MPO increase after
24 h of reperfusion. Values are presented relative to the amount of MPO present in the con-
tral.iter.il kidney harvested immediately after reperfusion and normalized with respect to the
MPO increase at 24 h in PBS treated mice subjected to 45 mm of ischemia. Statistical signifi-
cance as compared to control treated animals was denoted at P<0.05 (*) and P<0.0l (**). The
presented data are means ± SEM.
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RENAL INFLAMMATION AND FUNCTIONAL IMPAIRMENT AFTER EXTENDED ISCHEMIA

FOLLOWED BY REPERFUSION

We questioned whether the length of ischemia corresponds with the extent of inflamma-
tion during reperfusion. Renal MPO content, reflecting the amount of infiltrated neu-
trophils, was significantly increased in mice subjected to 30 or 45 min of ischemia fol-
lowed by 24 h of reperfusion as compared to sham-operated controls (Figure 6).
However, the observed increased renal MPO in mice subjected to 15 min of ischemia and
24 h of reperfusion did not reach significance as compared to sham controls (Figure 6).
The length of the ischemic period also affected renal function as measured by BUN and
serum creatinine content after 24 h of reperfusion. BUN as well as serum creatmme were
significantly increased in mice subjected to 15, 30 or 45 min of ischemia followed by 24
h of reperfusion as compared to sham controls (Figure 7).

30

20

z io

sham 15 30

min of ischemia
45

250

200

" 150

100 H

50

sham 15 30
mm of ischemia

45

Figure 7. Renal function after 15. 30 and 45 min of ischemia and 24 h of reperfusion as reflect-
ed by blood urea nitrogen (BUN) content (A) and scrum creatinine (B). Statistical significance
as compared to sham controls was denoted at P<0.05 (*), P<0.0l (••) and P<O.(X)l (•••). The
presented data arc means ± SEM.
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DISCUSSION

We investigated the association between renal caspase-7 and cFLIP modulation with dif-
ferent lengths of ischemia as well as reperfusion. The relation between renal caspase-7
and cFLIP modulation by I/R and subsequent development of renal injury were studied.
We show that caspase-7 activation and cFLIP depletion not only occur in the reperfusion
phase, but are also modulated by ischemia alone. Evaluation of the kinetics of caspase-7
processing during ischemia reveals a strong correlation with ischemic time, renal apop-
tosis, injury, inflammation and dysfunction following reperfusion (Figure 8). A similar
correlation exists between the latter parameters and cFLIP depletion during ischemia
(Figure 8). Thus, caspase-7 activation and potentially cFLIP depletion are measures that
can be assayed during ischemia in order to predict the amount of injury induced by sub-
sequent reperfusion.

0,5 - - 6 - 19 kDa caspase-7
- * - 55 kDa cFLIP
- O - DNA cleavage
-o-H-FABP
- • - M P O
- • - B U N
- x - Creatinine

sham 15 30

min of ischemia

45

Figure 8. Kinetics (if parameters evaluated during different periods of ischemia alone (renal
formation of I*J kDa caspase-7 and 55 kDa cFLIP depiction) and parameters evaluated after 2
h (scrum H-FABP and intemucleosomal DNA cleavage) or 24 h (MPO increase. BUN and cre-
atinine) of reperfusion. Data are normalized compared to the 45 min ischemia group and cFLIP
depletion is expressed as l/'cKLIP content. Caspase-7, cFLIP and apoptosis were estimated
employing digital band intensity analysis.

Caspase-7 activation, similar to activation of caspase-3. is an abundant effector mecha-
nism in many forms of apoptosis. The present results show that during renal ischemia.
caspase-7 is activated in the kidney and is predominantly present in the cytosolic com-
partment. The latter finding contrasts with the results of Chandler et al. who report that
in the liver, active caspase-7 is mainly microsome associated (21). We show that exten-
sion of the period of ischemia, concomitantly lead to additional intrarenal formation of
activated caspase-7. This indicates that mechanisms initiated in the ischemic phase con-
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tribute to caspase activation in a time dependent fashion After 2 h of reperfusion. renal
caspase-7 was abundantly present in its activated form. This is in line with the observa-
tion that kidneys subjected to 2 h of reperfusion exhibited intemucleosomal DNA-cleav-
age of which the magnitude also increased in parallel to the length of ischemia.

Apoptosis is an active process requiring ATP. which is rapidly depleted during ischemia
(13). The latter consideration as well as the present results imply that during ischemia
alone, cells may accumulate mediators that facilitate the ATP-dcpendent execution of
apoptosis that can only be initiated by reperfusion. For instance, intemucleosomal DNA-
cleavage in the course of apoptosis is an ATP-dependent process, since it is considered
that the apoptotic signal has to be transmitted from the cytosol to the nucleus, which
requires ATP hydrolysis (27,28). Caspase-7 activation (initiated prior to reperfusion in
our model of renal I/R) by itself is insufficient to induce the apoptotic phenotype (29). In
line, we previously demonstrated absence of intemucleosomal DNA-cleavage before
reperfusion (9). Hence, nuclear recruitment of caspase-7 upon ATP repletion in the
course of early reperfusion likely contributes to initiation of apoptosis.

Caspase-7 is not only an intracellular effector enzyme ol the apoptotic cascade, it is
also the main proteolytic activator of the chemokine HMAP-II (15). Interestingly, we
recently showed that I/R leads to EMAP-II activation after 2 h of reperfusion, but not
after 0.5 or 1 h of reperfusion (9). while caspase-7 is already activated during ischemia
This time-lap may reflect slow proteolytic processing of HMAP-II by activated caspase-
7 similar as observed under />7 v/7ro conditions (15). Alternatively, compartmentalized
subcellular distribution of active caspase-7 (21) and HMAP-II precursor may prevent
early EMAP-II activation. However, fractional centrifugation (21) of homogenates of
kidneys subjected to I/R. followed by detection of HMAP-II precursor and active cas-
pase-7 by Western blotting of microsomal. mitochondnal and cytosolic fractions,
revealed presence of both 43 kDa EMAP-II precursor (data not shown) and activated cas-
pase-7 (Figure 2) in the cytosol.

Inhibition of activated caspases by zVAD-fmk can prevent the development of I/R-
induced tissue damage in various organ systems (9,10.30) In the course of renal I/R,
zVAD-fmk administration prevents activation of caspase-1 and caspase-3 (9). In the lat-
ter study we also demonstrated that zFA-fmk, a peptide homologous to, but lacking the
caspase inhibiting properties of zVAD-fmk, failed to prevent apoptosis and J/R-induccd
renal injury. Thus, it is unlikely that aspecific attributes of zVAP-fmk account for the
observed effects. The present findings show that zVAD-fmk treatment upon reperfusion
only slightly attenuated caspase-7 activation as determined after 2 h of reperfusion. This
minimal reduction in caspase-7 activity implies reduced caspase-mediated processing of
caspase-7 in the presence of zVAD-fmk. Alternatively, caspase-independent caspase-7
activation by granzymes (31) or calpains (32) is involved during reperfusion The latter
is a tempting hypothesis since calpain activation inhibitors effectively prevent I/R-
induced tissue injury in the heart (33), brain (34), liver (35) and kidney (36) as well as
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hypoxia-induccd caspase-dependent necrosis in cultured renal tubular cells (37).
Besides caspase-7 activation, activation of caspase-8 is a likely feature of I/R injury.

Caspase-8, among others, is activated in the course of death-receptor mediated apoptosis
(38) and death-ligands like TNF-oc and FasL have been shown to extensively contribute
to I/R injury (20,39). Also, caspasc-8 activation has been reported following hypoxia-
reoxygcnation of cultured renal cells (40). We now show that extended periods of
ischemia-induced reductions in renal cFLIP content, which may facilitate caspase-8
dependent apoptosis upon repcrfusion. In line, in addition to data from Rasper et al. (17)
who showed significant cFLIP depletion in the reperfused heart, the present findings
indicate a loss of renal cFLIP during extended ischemic periods as well as after subse-
quent reperfusion. cFLIP constitutively prevents death-receptor mediated apoptosis by
precluding recruitment of the caspase-8 zymogen to the death-signalling complex
(16,17). It is not known whether low cFLIP levels alone are sufficient to initiate an apop-
totic response, however decreased cFLIP/caspase-8 ratios were shown to sensitize cells
to death-receptor mediated apoptosis (41). Moreover, cFLIP overexpression renders
tumor cells refractory to Fas-dependent T-cell induced apoptosis (42). Hence, low cFLIP
levels in reperfused tissue potentially enhance i/R-induced apoptosis and/or prevent
resistance against apoptosis.
Recent data show caspase-dependent processing of caspase inhibitors including cFLIP

(43,44), |n line, the present results show that administration of the caspase-inhibitor
zVAD-fink upon reperfusion almost completely prevented reperfusion-induced cFLIP
depletion. This finding suggests that during early reperfusion, cFLIP is processed by
activated caspases. Thus, the observed therapeutic effects of zVAD-fmk may be partial-
ly attributed to maintaining high levels of intracellular cFLIP.

We recently demonstrated that serum H-FABP is a sensitive and specific diagnostic
marker for reperfusion-induced desintegration of renal tubular cells (Kievit et al, in
press). The present data indicate that, in parallel to extended periods of ischemia, serum
H-FABP levels increased after 2 h of reperfusion. This serum H-FABP increase likely
reflects cellular spillage as a consequence of acute reperfusion-induced necrosis because
at this timepoint no signs of inflammation are present (9). zVAD-fmk treatment could not
prevent early cellular damage as reflected by unaltered serum H-FABP levels after 2 h of
reperfusion. Conversely, we previously showed that zVAD-fmk administered upon reper-
fusion effectively prevented I/R-induced inflammation, tissue damage and dysfunction
(9). This shows that in the course of I/R, caspase activation rather than release of noxious
content from damaged cells, instigates inflammation and subsequent tissue damage. The
latter does not relate a specific mode of cell death to subsequent development of inflam-
mation and tissue injury since caspase activation is associated with apoptosis as well as
necrosis (37,45). Rather, we propose a model involving irreversible acute cellular dam-
age initiated by reperfusion. possibly as a result of liberation of oxygen free radicals and
mechanical trauma. In our study this acute damage is reflected by H-FABP release.
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Besides, following this initial acute response, subacute reversible cell damage by means
of apoptosis and secondary necrosis develops. These instigate among others the destruc-
tive inflammatory response leading to more significant organ damage and dysfunction.
Taken together, these data show that the extent of ischemia corresponds with apoptogenic
changes during ischemia and also with apoptosis, inflammation and impairment of renal
function that develop in the course of reperfusion. This may be employed to predict the
amount of reperfusion damage upon clinical transplantation of kidneys subjected to pro-
longed periods of ischemia, so-called non-heart-beating (NUR) donors (46). NUB dona-
tion is associated with a high incidence of delayed graft function, rendering implementa-
tion of a NHB donor program still controversial (47). Methods that can establish whether
ischemically damaged donor organs are suitable to be used for transplantation will min-
imize complications from the use of NHB grafts. Reliable viability tests that estimate the
extent of ischemic damage and predict post-transplant function will justify wider imple-
mentation of NHB donation. In addition, caspase-7 activation and cll.lP depletion poten-
tially initiate and/or amplify ischemia-induced apoptosis upon reperfusion, which is
essential to consequent development of inflammation and organ damage. Hence, anti-
apoptotic therapies aimed at preventing caspase-7 activation and d-'LIP depletion in the
course of I/R may be clinically effective.
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Summary

SUMMARY

In CHAPTER 1 the clinical relevance of I/R-injury is outlined. Clinical as well as experi-
mental studies have contributed to the elucidation of crucial mechanistic aspects of I/R-
pathophysiology. The specific contributions of apoptosis and inflammation to the devel-
opment of tissue damage as a consequence of I/R are discussed. The first section deals
with some of the more general morphological and biochemical aspects of apoptosis and
necrosis. While apoptosis paradigmatically is a directed and energy dependent process
that is not followed by an inflammatory response, necrosis is believed to mainly repre-
sent gross injury to the cell followed by inflammation. Several arguments are put forth
suggesting that apoptosis and necrosis, in practice as well as from a functional point of
view, may be indistinguishable forms of cell death.

In the second section the general principles of induction and execution of apoptosis are
described. Apoptosis can be induced by death-receptor dependent (extrinsic) or death-
receptor independent (intrinsic) stimuli. Subsequently, caspases are enzymes that medi-
ate the intracellular execution of apoptosis, which will ultimately result in the apoptotic
phenotype. The third section outlines the important role of inflammation in the develop-
ment of I/R-induccd organ injury. Aspccific tissue damage is inflicted by oxygen free
radicals produced as a result of compromised energy metabolism or neutrophil oxidative
burst activity. I/R-induccd acute inllammation is characterized by influx of neutrophils to
the postischemic tissue where they contribute to tissue injury. Also, delayed I/R-induced
inflammation that enhances tissue immunogenicity is discussed.

The fourth section of the introduction addresses the interplay between apoptosis and
inflammation in the course of "I/R. Besides apoptosis, activated caspases can mediate the
proteolytic activation of pro-inflammatory cytokines such as IL-1 and EMAP-II in the
course of I/R. These and other caspase substrates are potentially involved in I/R-injury
pathogenesis. Moreover, natural endogenous protection mechanisms such as cFLIP accu-
mulation (which prevents activation of caspase-8 and therefore activation of the extrin-
sic apoptotic pathway) or the acute phase response can inhibit apoptosis and inflamma-
tion following 1/R and may determine the outcome.

At the end of the introduction, clinical perspectives of perceiving apoptosis as a func-
tional contributor to I/R-injury are evaluated. Pharmacological modulation of apoptosis
by means of specific inhibition of" apoptotic pathways may be applied to treat a variety
of clinical conditions including renal 1/R-injury. Besides, diagnostic means to predict the
extent of reperfusion injury in ischemically injured transplant grafts could be based upon
the important role of apoptosis in 1 R pathophysiology. It is concluded that an overall bal-
ance between factors favoring either necrosis, apoptosis or cell survival will ultimately
determine the amount of reperfusion injury'.
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In CHAPTER 2 the interplay between LR-induced renal inflammation and apoptosis was
investigated. To this end. the roles of the pro-inflammatory mediator TNF-tt and the anti-
inflammatory mediator IL-10 in inflammation and apoptosis following renal I/R were
studied. Mice were subjected to 45 min of ischemia followed by reperfusion and subse-
quently administered neutralizing antibodies against either TNF-a (TN3). II.-10 (JLS5-
2A5) or control. After 1 day of reperfusion anti- TNF-cx treatment reduced while anti-lL-
10 treatment exacerbated postischemic renal injury, inflammation and. to a lesser extent,
apoptosis as measured by changes in blood urea nitrogen content, immunohistologically
detectable renal TNF-a protein and neutrophils. histological integrity of renal parenchy-
ma and DNA-ladder formation. Furthermore. anti-IL-10 treatment enhanced MIR' class
1 and II expression at day 7 as measured by enzyme immuno assay and immunohistol-
ogy. These data indicate that the extent of reperfusion induced apoptosis is modulated by
the inflammatory response during which locally produced TNF-a plays a significant role
in the development of tissue injury. Subsequently, this pro-inflammatory reaction is
accompanied by endogenous production of the anti-inflammatory cytokine IL-10 which
serves as a physiological counterbalance to the effects of TNF-a.

In CHAPTER 3 delayed I/R-induced inflammation, involving IFN-y dependent upregula-
tion of MHC class I and II antigen expression, is addressed. Kmploying a murine model
of renal ischemia we show that renal IL-18 mRNA upregulation coincides with caspase-
1 activation at day 1 following ischemia. IFN-y as well as IL-12 mRNA are subsequent-
ly upregulated at day 6 following ischemia. Combined but not separate /« v/vo neutral-
ization of the IFN-y inducing cytokines IL-12 and IL-18 reduces IFN-y dependent MIR'
class I and II upregulation to a similar extent as IFN-y neutralization, suggesting the
involvement of functional IL-12. IL-18 and IFN-y protein. These results reveal a novel
relationship between tissue injury of non-microbial origin and the induction of IL-12 as
well as IL-18. The collaboration observed between endogenous IL-12 and IL-18 in the
induction of IFN-y after renal I/R, resembles the immune response to bacterial infections.

In CHAPTER 4 the functional role of apoptosis in the induction of inflammation and organ
damage after renal ischemia was investigated. Using a murine model, we demonstrate a
relation between apoptosis and subsequent inflammation. Administration at the time of
reperfusion of the anti-apoptotic agents insulin like growth factor-1 (RJF-I) and zVAD-
tmk, a caspase inactivator, prevented the early onset of renal apoptosis but also inflamma-
tion and tissue injury. Conversely, when administered after onset of apoptosis, these pro-
tective effects were completely abrogated. The presence of apoptosis was directly correlat-
ed with post-translational processing of the chemoattractant cndothelial monocyte-activat-
ing polypeptide II (EMAP-II). which may explain apoptosis-induced influx and sequestra-
tion of leukocytes in the reperfused kidney. These results strongly suggest that apoptosis is
a crucial event, underlying reperfusion induced inflammation and subsequent tissue injury.
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In CHAPTER 5, employing the same experimental model of renal I/R injury, we tested the
hypothesis that I/R of a kidney induces an acute phase response and that mediators of this
response attenuate I/R induced apoptosis and inflammation. These mediators, including
al-acid glycoprotein (AGP) and al-antitrypsin (AAT) significantly decreased postis-
chemic apoptosis as reflected by internucleosomal DNA cleavage, TUNEL histology and
caspasc-l- and -3-like activation. I/R-induced inflammation, investigated by TNF-a his-
tology and determination of renal neutrophil influx was also decreased. Moreover, I/R
induced an acute phase response with potential protective properties. It is speculated that
the acute phase response is functionally involved in the development of I/R injury.
Similar to I/R-induced up-regulation of MHC class 1 and II, an I/R-induced (local or
hepatic) acute phase response is likely to encompass strong physiological protection
against tissue injury (I/R) and the consequences of tissue injury (for instance secondary
infection).

In CHAPTKR 6 we hypothesize that caspase-I activation is a key event in the process of
apoptosis/caspase-dependent inflammation as observed during development of renal
reperfusion injury. Such involvement of caspase-1 is likely since this enzyme has been
reported to /wln-i^al«: nol unJy jn ihr apoplolir /vow-ss, bul .also in inilammaJJcw b>-
means of activating the pro-inflammatory cytokines IL-1 and IL-18. As compared to con-
trols, caspase-1 deficient knockout mice subjected to 45 min of renal ischemia followed
by 24 h of reperfusion showed no improvement of renal function as reflected by serum
ureum and creatinine. These mice showed a slightly attenuated renal inflammatory
response as indicated by a decreased renal neutrophil influx, but failed to show signifi-
cantly altered intrarenal TNF-a production. Moreover, caspase-1 deficient mice exhibit-
ed a clear reperfusion-induced apoptotic reaction as reflected by renal TUNEL histology
and internucleosomal DNA cleavage. Consistently, treatment with agents capable of neu-
tralizing the pro-inflammatory activation products of caspase-1 (IL-1 receptor antagonist,
anti IL-1 receptor antibody, anti IL-1S antibody) also minimally reduced renal function-
al deterioration, inflammation and apoptosis after 24 h of reperfusion. These findings
suggest that activated caspase-1 and its inflammatory cleavage products are involved in.
but not crucial to the induction of inflammation after I/R. Hence, beside caspase-1, other
(combinations of) activated caspases are likely to play a more prominent role in
ischemia-reperfusion-induced inflammation.

In CHAPTER 7 we investigate the relation between apoptosis and early chemokine induc-
tion in the course of renal 1'R. Chemokine induction is an early prerequisite for the
development of a local inflammatory response, as observed following I/R. Employing a
murine model of renal I R-injury we demonstrate renal up-regulation of the CXC
chemokines KC and MIP-2 at the mRNA and protein level after 1 to 16 h of reperfusion.
coinciding with intrarenal activation of the chemokine EMAP-II. Treatment with the cas-
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pase inhibitor zVAD-fmk upon reperfusion effectively prevented I/R-induced renal apop-
tosis, KC and MIP-2 up-regulation and liMAP-H activation after 2 h of reperfusion as
well as neutrophil influx and functional impairment after 24 h of reperfusion. These data
for the first time show that chemokine induction following I/R is dependent on caspase
activation.

In CHAPTER 8 the potential of Heart Fatty Acid-Binding Protein (H-FABP) as a marker
for renal I/R-injury was evaluated in a rat model. H-FABP is a low molecular intra-cyto-
plasmatic protein that is among others involved in intracellular fatty-acid transport and is
present in renal as well as cardiac cells. H-FABP has been proven to be a powerful tool
for diagnosing tissue injury since it is released from damaged cells. After cross-clamping
the renal vessels for different times and subsequent reperfusion. blood samples and renal
biopsies were obtained for further analysis. Serum H-FABP was analyzed by I-1.ISA and
compared with serum (ilutathione S-Transferase (CiST) and 1.1)11 levels.
Immunohistochemical staining of rat kidney showed H-FABP presence in distal tubular
cells. From 15 min onwards after reperfusion, mean H-FABP plasma levels were signif-
icantly increased in the 20, 40 and 60 min ischemia groups compared to the sham group.
GST and LDH levels were only significantly raised in the 60 min ischemia group, start-
ing at 15 and 60 min after reperfusion, respectively. This shows that plasma 1.1)11 and
GST reliably detect severe renal I/R injury in respectively the late and early reperfusion
phase, but fail to detect mild I/R injury. Plasma H-FABP reliably detects mild as well as
severe I/R injury in the early reperfusion phase. Plasma H-FABP levels may be success-
fuly used as a viability test during machine perfusion of NUB donor kidneys.

In CHAPTER 9 the early involvement of pro-apoptotic caspase-7 and anti-apoptotic cFLIP
during renal I/R was investigated. Insight in the early and critical role of apoptosis in the
development of I/R-injury and the way by which early biochemical events lead to later
development of tissue damage, could yield new therapeutic as well as diagnostic means
to face the clinical problem of reperfusion injury. Extended ischemic times up to 45 min,
with or without 2 h of reperfusion, induced formation of 19 kDa active caspase-7 and
reduced intrarenal cFLIP content. Treatment with the caspase inhibitor zVAD-fmk upon
reperfusion failed to prevent caspase-7 activation but effectively reduced cFLIP deple-
tion. The length of renal ischemia paralleled with the exent of renal apoptosis and tubu-
lar damage after 2 h of reperfusion as measured by quantification of intranucleosomal
DNA cleavage and serum H-FABP levels, respectively. At 24 h of reperfusion, the length
of ischemia correlated with the extent of renal inflammation and kidney dysfunction as
reflected by renal neutrophil accumulation and serum ureum and creatinine levels. These
findings are the first to show apoptogenic processes during ischemia that correlate with
the extent of apoptosis, inflammation, tissue damage and dysfunction upon reperfusion.
Caspase-7 activation and cFLIP depletion during ischemia may even be successfuly

173



Summary

employed to predict the amount of damage to grafts subjected to prolonged ischemia
prior to transplantation. These results also attest to the potential of anti-apoptotic thera-
py in the prevention of clinical reperfusion injury.
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In HOOFDSTUK 1 wordt de klinisiche relevantie van 1/R-schadc besproken. Zowel klinisch
als experimented onderzoek heeft bijgedragen aan het in kaart brengen van bclangrijke
pathofysiologische eigenschappen van I R-schade. De specifieke bi|drage van apoptose
en ontsteking aan het ontstaan van weefselschade ten gevolge van I R koml aan de orde.
Het eerste gedeelte behandelt algemene morfologische en biochemische aspecten van
apoptose en necrose. Apoptose wordt paradigmatisch gezien als een gericht en actief pro-
ces dat geen aanleiding vormt tot het ontstaan van een ontstekingsreaktie. Necrose daar-
entegen wordt verondersteld het resultaat te zijn van uitgebreide beschadiging van een
eel en vormt de aanleiding tot een ontstekingsreaktie. Meerdere argumenten worden
gegeven vöör een voorstelling van zaken waarbij apoptose en necrose, in praktijk en
functioned beschouwd, twee niet te onderscheiden vormen van celdood zijn.

In het tweede gedeelte worden de algemene beginselen van inductie en executie van
apoptose beschreven. Apoptose kan worden geinduceerd door celdood-receptor alhanke-
lijke (extrinsieke) alsook door celdood-receptor onalhankelijkc (intrinsieke) stimuli.
Vervolgens zijn de caspasen enzymen die verantwoordelijk zijn voor de intracellulairc
executie van apoptose, hetgeen uiteindelijk leidt tot het manifest worden van het apopto-
tische fenotype. Het derde gedeelte beschrijft de rol van de ontstekingsreaktie in het
ontstaan van I/R-schade. Aspecifieke weefselschade wordt veroor/aakt door vrijc
zuurstof radicalen die vrijkomen tengevolge van een belast energie metabolisme of door
uitstort van de inhoud van geactiveerde neutrofielen. I)e acute ontstekingsreaktie wordt
gekenmerkt door lokale influx van deze neutrofielen in het gereperfundeerde weefsel
alwaar zij een bijdrage leveren aan het ontstaan van weefselschade Daarnaast wordt de
sub-acute ontstekingsreactie die tengevolge van I/R ontstaat en de immunogeniciteit van
het weefsel verhoogt, besproken.

Het vierde gedeelte van de introduetie behandelt de interactie tussen apoptose en
ontsteking in het verloop van I/R. Naast apoptose, kunnen geactiveerde caspasen tijdens
I/R de proteolytische activatie van ontstekingsbevorderende cytokinen als HMAP-II en
IL-1 medieren. Deze en andere Substraten voor caspasen zijn mogelijk betrokken bij de
pathogenese van I/R-schade. Bovendien speien endogene natuurlijke protectieve mecha-
nismen een rol bij het beperken van apoptose en ontsteking tengevolge van I/R Tot deze
processen behoren cFLIP accumulatie (waardoor caspase-8 niet meer kan worden geac-
tiveerd en activatie van extrinsieke apoptose voorkomen wordt) en de acute fase respons.

Het einde van de introduetie gaat in op de klinische implicates van het concept van
functionele betrokkenheid van apoptose bij het ontstaan van I/R-schade.
Farmacologische modulatie van apoptose via specifieke inhibitie van apoptotische cas-
cades kan mogelijk aangewend worden ter behandeling van uiteenlopende klinische aan-
doeningen waaronder nier I/R-schade. Bovendien is het mogelijk om op basis van de
pathofysiologische betrokkenheid van apoptose diagnostische technieken te ontwikkelen
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die de mate van reperfusieschade kunnen voorspellen nog voordat een ischemisch
beschadigd donororgaan wordt getransplanteerd. Er wordt geconcludeerd dat een
algemene balans tussen processen die necrose of apoptose danwel overleving van de cel
bevorderen, de uiteindelijke hoeveelheid reperfusieschade bepalen.

In HOOFDSTUK 2 wordt onderzoek beschreven naar de interactie tussen I/R-geinduceerde
nier apoptose en ontsteking. Hiervoor werd de rol van de ontstekingsbevorderende medi-
ator TNF-a en de ontstckingsremmende mediator IL-10 bestudeerd. Er werd gebruik
gemaakt van een experimented muizen model waarin een nier werd blootgesteld aan 45
minutcn ischemic gevolgd door reperfusie en dieren werden behandeld met neutralis-
erende antistoffen gericht tegen TNF-a (TN3), IL-10 (JES5-2A5) of controle. Anti-TNF-
a bchandeling verminderde de postischemische nierschade (histologie), ontsteking
(renale TNF-a synthese en neutrollel influx) en apoptose (formatie van DNA ladders),
terwijl anti-IL-M) behandeling deze parameters juist bevorderde na 1 dag reperfusie.
Anti-IL-10 behandeling verhoogde bovendien de renale expressie van MHC klasse I en
II, gemeten na 7 dagen reperfusie door middel van een enzym immuno assay en immuno-
histologie I)e/e resultaten tonen aan dat de mate van I/R-gcinduceerde apoptose wordt
beinvloed door de acute onlslekmgsreaktie in hei kader waarvan lokaal geproduceerd
TNF-a een prominente rol speelt. Deze ontstekingsreactie gaat tevens gepaard met endo-
gene productie van het ontstekingsremmende cytokine IL-10, hetgeen een fysiologisch
tegenwicht biedt ter compensatie van de effecten van TNF-a.

In HOOFDSTUK 3 komt de sub-acute I/R-geinduiceerde ontsteking aan de orde waarbij er
sprake is van IFN-yafhankeliike, verhoogde MHC klasse I en II produktie. Door gebruik
te maken van een mui/en model voor nier I/R-schade wordt aangetoond dat verhoogde
renale 11.-18 niRNA produktie gelijktijdig plaatsvindt met caspase-1 activatie op dag 1
na ischemic. Vervolgens, op dag 6 na ischemie, is er sprake van verhoogde renale IFN-
ymRNA en 1L-12 mRNA produktie. Enkel gecombineerde, maar niet separate /w v/vo
neutralisatie van de IFN-y inducerende cytokinen IL-12 en IL-18 verminderden de IFN-
Y afhankclijke renale MHC klasse I en II produktie in dezelfde mate als IFN-y neutral-
isatie. Dit laatste wijst op functionele betrokkenheid van IL-12, IL-18 alsook IFN-yeiwit.
Deze resultaten leggen een nieuwe relatie bloot tussen weefselschade van niet-microbiele
oorsprong en de inductie van zowel IL-12 als IL-18. De wijze waarop endogeen IL-12 en
IL-18 samenwerken om IFN-yte induceren in het verloop van nier I/R, vertoont sterke
overeenkomst met de lokale immuunrespons op bacteriele infecties.

In HOOFDSTUK 4 wordt onderzoek beschreven naar de functionele rol van apoptose in het
ontstaan van ontsteking en weefselschade na nier I/R. Door gebruik te maken van een
mui/en model wordt een oorzakelijk verband aangetoond tussen apoptose en de hierop
volgende ontstekingsreaktie. Het op het moment van reperfusie toedienen van de anti-
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apoptotische groeifactor IGF-1 of de caspase inactivator zVAD-fmk voorkwam vroege
I/R-geinduceerde nier apoptose, ontsteking en orgaanschade. Omgekeerd. wanneer deze
anti-apoptotische farmaca werden aangewendt nä het ontstaan van apoptose. tradon de
beschermende effecten niet op. De aanwezigheid van apoptose cotroloordo met de post-
translationele activatie van het chemokine KMAP-I1. hetgoon potontioel een verklaring
vormt voor de waargenomen apoptoso-afhankolijko influx van neutrofielen in de gorepcr-
fundeerde nier. Deze resultaten suggereren sterk dat apoptose een cruciale voorwaardo is
voor het ontstaan van I/R-geinduceerde ontsteking en weefselschado.

In HOOFDSTUK 5, gebruik makend van hetzelfde mui/en nier I/R-model, wordt de
hypothese onderzocht dat nier I/R een acute fase respons induceert en dat acute fase
eiwitten I/R-geinduceerde apoptose en ontsteking verminderen. De acute fase eiwitten
al-acid glycoproteine (AGP) en al-antitrypsino (AAT) vomiindordon significant postis-
chemische nier apoptose gemeten door bepaling van intranucleosomalo DNA klievmg,
TUNHL histologie alsmede caspase-1 en caspase-3 type aciivatie. Daamaast was do I/R-
geinduceerde ontsteking, onderzocht middels TNF-a immunohistologie en nier neu-
trofiel influx, eveneens duidelijk afgenomen. Bovendion vormde I/R do aanleiding voor
het ontstaan van een acute fase respons met potentieel beschenkende eigenschappon. I T
kan hierom worden gespeculeerd dat de acute fase respons functioned botrokkon is bij
de ontwikkeling van I/R-geinduceerde orgaanschade. Overeenkomstig I/R-geinduceerde
verhoogde produktie van MHC klasse I en II, is de acute fase respons (lokaal of
hepatisch) die optreedt na I/R eveneens deel van een fysiologisch systeem dat
bescherming biedt tegen een overmaat aan weefselschade (I/R) on do gevolgen van weof-
selschade (bijvoorbeeld secundaire infectie).

In HOOFDSTUK 6 wordt gehypothetiseerd dat caspase-1 activatie een esscntiele gebeurte-
nis is in het proces van apoptose/caspase-afhankelijke ontsteking zoals waargenomen na
nier I/R. Zulke betrokkenheid van caspase-1 is plausibel omdat van dit enzym is aange-
toond dat het naast apoptose ook ontsteking kan medieren middels activatie van de
ontstekingsbevorderende cytokinen IL-1 en IL-18. Vergoleken met controles vertoondon
caspase-1 deficiente knockout muizen blootgesteld aan 45 minuten nierischemie gevolgd
door 24 uur reperfusie geen verbetering van nierfunktie gemeten door bepaling van serum
ureum en creatinine spiegeis. Wei vertoonden deze muizen een licht afgenomen renale
ontstekingsreaktie gemeten aan de hand van kwantificatie van neutrofiel influx. Van een
evidente afname in intrarenale TNF-a productie was bij deze muizen geon sprake.
Caspase-1 deficiente muizen vertoonden een duidelijke reperfusie-geinduceerde apopto-
tische reaktie in de nier zoals weerspiegeld door TUNEL histologie en internucleoso-
male DNA klieving. Overeenkomstig bleken behandelingen met neutralisercnde agentia
gericht tegen de ontstekingsbevorderende activatie producten van caspase-1 (IL-1 recep-
tor antagonist. anti-IL-1 receptor en anti-IL-18 antilichamen) slechts minimaal in staat
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nierfunctie. ontsteking en apoptose te kunnen verbeteren na 24 uur reperfusie. Deze
bevindingen suggereren dat geactiveerd caspase-1 en haar ontstekingsbevorderende
klievingsproducten betrokken zijn bij, maar niet van cruciaal belang zijn voor het
ontstaan van ontsteking na I/R. Het is daarom waarschijnlijk dat er naast caspase-1.
andere (combinaties van) geactiveerde caspasen een belangrijke rol spelen bij het
ontstaan van I/R-geinduceerde ontsteking.

In HOOIDSTUK 7 wordt de relatie onder/ocht tussen apoptose en vroege chemokine
inductie na I/R. Vroege produktie van chemokines is een voorwaarde voor de ontwik-
keling van een lokale ontstekingsreaktie, zoals gezien na nier I/R. In een muizen model
voor nier I/R wordt aangetoond dat verhoogde renale produktie op eiwit en mRNA
niveau van de C'XC chcmokmen KC en MIP-2, samenvalt met intrarenale activatie van
het chemokine I-MAIMI. Bchandeling met de caspase inactivator zVAD-fmk ten tijde
van rcpcrlusie voorkwam het ontstaan van nier apoptose, inductie van KC en MIP-2
alsook activatie van HMAP-II na 2 uur reperfusie. Daarnaast voorkwam zVAD-fmk nier
neutrofiel influx en verslechtering van nierfunktie na 24 uur reperfusie. Deze gegevens
tonen voor het eerst aan dat chemokine inductie ten gevolge van I/R afhankelijk is van
caspase acfrvatre.

In HOOFDSTUK 8 wordt het potentieel van H-FABP als marker voor nier I/R-schade in een
ratten model geevalueerd. H-FABP is een laag-moleculair intra-cytoplasmatisch eiwit dat
onder andere betrokken is bij het intracellulaire vetzuur transport en zieh zowel in hart-
als in nicrccllcn bevindt. Plasma H-FABP bepaling heeft zieh zeer bruikbaar getoond ter
diagnostisering van cardiale weefselschade omdat het vrijkomt uit beschadigde hart-
cellen. Na verschillende periodes ischemie, gevolgd door reperfusie werden bloedmon-
sters en nierbiopten ter analyse afgenomen. Serum H-FABP spiegeis werden bepaald met
behulp van een 11.ISA en vergeleken met serum Glutathion S-Transferase (GST) en
LDH spiegeis. Immunohistologie voor ratten H-FABP toonde evident aanwezigheid van
dit eiwit in distaal tubulus epitheel aan. Vergeleken met de sham groep Stegen vanaf 15
minuten reperfusie de plasma H-FABP spiegels significant in ratten blootgesteld aan
ischemie gedurende 20, 40 en 60 minuten. Plasma GST en LDH spiegels waren slechts
significant verhoogd in ratten blootgesteld aan 60 minuten nierischemie. respectievelijk
beginnend vanaf 15 en 60 minuten na ischemie. Dit laat zien dat plasma LDH en GST
spiegels betrouwbaar ernstige, maar niet matige I/R-schade in respectievelijk de late en
vroege reperfusiefase kunnen detecteren. Met plasma H-FABP spiegels daarentegen is
het mogelijk /owel milde als ernst ige I/R-schade te detecteren in de vroege reper-
fusiefase. Mogelijk kan bepaling van plasma H-FABP worden aangewend als succesvolle
"viability test" gedurende machineperfusie van NHB donor nieren.
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In HOOFDSTUK 9 wordt tenslotte de vroege betrokkenheid van pro-apoptotisch caspase-7
en anti-apoptotisch cFLIP bij nier 1 R geanalyseerd. In/ichten in de vroege en kritieke rol
die apoptose speelt bij het ontstaan van I/R-schade en de wijze waarop vroege bio-
chemische veranderingen leiden tot latere ontwikkeling van weefselschade, voorzien in
nieuwe therapeutische en diagnostische mogelijkheden ter detectie cn behandeling van
klinische I R-schade. Ischemische periodes oplopend tot 45 minuten. al dan met gevolgd
door 2 uur reperfusie, induceerden formatic van 19 kDa actief caspase-7 en reduceerden
de intrarenale hoeveelheid cFLIP. Behandeling met de caspase-inactivator zVAD-fmk ten
tijde van reperfusie bleek niet in staat renale caspase-7 activatie te voorkomen. inaar
voorkwam wel cFLIP depletie in de nier. De duur van ischemie kwam zowel oveiven met
de mate van apoptose (intemucleosomale DNA klieving) als met de mate van tubulaire
schade (plasma H-FABP spiegeis) 2 uur na ischemie. Na 24 uur reperfusie kwam de
lengte van ischemie overeen met de mate van nier ontsteking en dysfunktie weerspiegeld
door accumulatie van neutrofielen in de nier en serum ureum en creatinine spiegeis De/e
resultaten tonen voor het eerst aan dat apoptotische processen gedurende de ischemische
fase correleren met de mate van apoptose. ontsteking en orgaanschade zoals
waargenomen ten tijde van reperfusie. Caspase-7 activatie en cFLIP depletie gedurende
ischemie kunnen mogelijk worden aangewend om de hoeveelheid orgaanschade te voor-
spellen waaraan ischemisch beschadigde donor organen na transplanlatie zullen worden
blootgesteld. Tevens vormen deze resultaten een argument voor de effectiviteit van anti-
apoptotische therapie ter behandeling van klinische reperfusieschade.
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Mijn promotor, /Vr>/ev.vw W/w ßwi/r/w««. Beste Wim, zoveel superlatieven zijn al op
schrift gesteld over je creatieve geest, de veelomvattende relevanties die je zo luchtig kan
koppelen aan stoffigc wetenschappelijkheden en de onvermoeibare gedrevenheid
waarmec je door de jaren heen ons labje in de wereldtop heb weten te houden. Je was een
goeie baas en hct is een ongeloofelijke eer jouw eerste promovendus te mögen zijn.

Ik wil iedereen bedanken met wie ik de afgelopen jaren goed heb samengewerkt. In het
bij/ondcr dank ik Professor (iauke Kootstra vanwege de mogelijkheid om onder zijn
beroemdc vlag het onderwerp nier ischemie-reperfusie schade te kunnen onderzoeken.
Ook ben ik Professor Peter Vandenabeele en Dr. Trui Denecker van de Universiteit van
(ient /eer erkentelijk voor hun gastvrijheid tijdens mijn verblijf in Gent en voor hun erg
succcsvollc molcculairc bijdragen aan dit proefschrift. Zonder uw inbreng op het gebied
caspase-biologie had ons werk nooit zo competitief kunnen zijn. I sincerely thank
Professor Mathias Clauss of the Max Planck Instituut in Bad Nauheim for his contribu-
tions on the subject of KMAP-II. Mijn hartelijke dank gaat tevens uit naar de beoordel-
ingscommissie van dit proefschrift onder voorzitterschap van Professor Donckerwolcke.

Zonder een aantal goede collegae was dit boekje er ook met geweest. Beste Tim, jouw
kennis van moleculair biologische technieken heeft dit proefschrift tot iets bijzonders
gemaakt. Jc weet dat je nog lang niet aan je taks zit en je hebt inmiddels bewezen dat je
ook op wetonschappelijk gebied een zwaargewicht bent. Beste Kees, altijd onverdroten,
menig massa-cxperiment is ons ten deel gevallen en ook onze gemeenschappelijke voor-
licfdc voor de derde helft was een goede basis tot samenwerking. Jouw komst naar
Maastricht was zowel wetenschappelijk (het aantal bloedstollende momenten op het lab
nam aanzienlijk toe) maar ook sociaal gezien een welkome vernieuwingsimpuls. Mijn
goede vriend en collega Vincent (vincentheerstnogsteedsinmaastricht) Heemskerk.
Samen met jou en Mart-Jan vormde ik het standvastige mannelijke heelkunde onder-
zoeks front in de goede ouwe tijd op Wim's lab. Jullie opereerden de biggen en ik de
muizen. Onze survival-tochten in Yosemite National Park waren memorabel, evenals
schieten met 44 magnums en housen tot het licht werd. Ik hoop dat je na zoveel inspan-
ningen dc mogelijkheid krijgt om jc hcclkundigc ambitics waar te maken.

Voor veel collegae heb ik de afgelopen jaren een bijzondere waardering gekregen.
llartclijk dank aan mijn kamergenoten, Nicole. Trudi. Mieke. Maarten, Danielle,
Marloes. Ivrik, Mohammed, Kiyoko en Misha. Het was wat krap maar wel de moeite
waard. Bedankt Anita (dat J O praatgroepje moest er dan toch maar eens van komen), Jur
(on/o korto samenwerking was een genoegen en daarnaast /eer productieO. Bart (met een
gerust hart drang ik de fakkel aan je over), Isabel, Annemarie, Monique (het was jammer
genoeg heel kort. maar wel erg krachtig), Jessica. Judith. Patricia. Mehmet. Juanita. Mark
on (laby. Niet to vergeten /ijn do secretaresses die menige dasknoop voor mij hebben
gestrikt en die mij met do nodigo ondersteunende handelingen gesprekken terzijde
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hebben gestaan. bedankt Mickey en Brigitte. En alle Studenten Isa. Brigitte. Isabelle.
Nicole. Isolde, neef Pieter. Erik. Rudi. Ingrid. Peter. Paul. Jenni. Sjoerd. Roben. Harald
en natuurlijk Femke.

Iemand wie ik bijzonder erkentelijk ben is Dr. Harrie Kurvers. Beste Manie, het is
inmiddels al wat jaren geleden en ondanks het feit dat je me altijd hebt verteld dat ik het
langzaamste jongetje van de klas was. heb je me wel geleerd hoe ik mijn voters moest
strikken. Bedankt nog daarvoor. Veel leerlingen van jouw "klasje", /ijn inmiddels
voortrekkers op het gebied van klinisch en basaal onder/oek waaronder Francois
(Fransje) van Dielen. Pieter Bullens. Dr. Esther Lutgens (CL!), Roland Beuk, Xandor
Wehrens. Trifon Vainas, Ewald Dumont. Ruben Dammers en last but not least Ellen
Rouwet (met wie ik altijd. met veel genoegcn. do prij/enpot moest dolen minus do pro-
visie voor jouw inspanningen). Onze tijd op het Lab Microcirculatie was zeor de moeite
waard.

Ik wil ook de medewerkers van het CPV hartelijk bedanken voor het ver/orgen van de
proefdieren op de momenten dat ik er niet was. Met name Harry. Brigitte. Peter, Irans en
in het bijzonder Dr. Ton van den Bogaard voor het bieden van eon inspirerend ethisch
tegenwicht. Daarnaast wil ik Dr. Peter Frederik en Paul Bomans bedanken voor hun bij-
drage aan die prachtige JCI September '99 cover die er niet was geweest zonder hun
betrokkenheid. Ook wil ik Geert-Jan en Jo van de AV-dienst van het AZM bedanken voor
hun zeer professionele inspanningen. Gerrit Kranenburg wil ik bedanken voor /.ijn
geduldige hulp bij het gebruik van de CORBAS-robot. Ik ben Lei Beucken en Karin
Scheele voorts erkentelijk voor de lay-out van dit proefschrift.

Er was er buiten het lab ook nog een leven dat best de moeite waard was. Het voordeel
van de combinatie studeren-promoveren is dan ook dat de studententijd wat wordt
opgerekt. Bedankt EHD Mezekouw voor vriendschap behalve in rethorische /in, SV
Circumflex, de SUF-band (jullie waren onvergetelijk ...Denis, Arjan. Bram, Katjiy,
Martijn, Bas en David) en Het Bestuur (Mark, Henno, Ritse & Linda, Ellen en Marja).
Na lang dralen komt er dan toch een eind aan dat studentenleven, maar ik had het zelfs
voor dit proefschrift niet willen missen.

Mijn paranimfen Dr. Ferdinand le Noble en Rob van den Langenberg. Beste Ferdi, far-
macoloog, fysioloog, embryoloog, DJ, muzikant, zoogdiervorser, structuurman, weten-
schapssocioloog en vader. Vanaf de eerste dag dat we elkaar op het lab tegen het lijf
liepen waren we goede vrienden. Er was geen illegale houseparty of jij /at in de organ-
isatie en er was geen hoogexperimentele nieuwe Limburgse popband of jij was er de bas-
gitarist van. Je bent een raswetenschapper waarop onze universiteit zuinig moet zijn. En
beste Rob, jij was altijd mijn voornaamste externe adviseur, zowel wetcnschappelijk (als
editor van The Medical Journal of Medicine) alsook op andere expertisevlakken Onze
vakanties (samen met David en Jeroen) waren geweidig. Tof dat jullie beiden me terzijde
willen staan.
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Ik wil mijn goede vriend Harry van Hout bedanken voor al onze diepe gesprekken nu en
vroeger. Het waren wilde maar goede tijden. Meer dan wie dan ook wens ik jou wijsheid
en vrede toe op de weg die je gaat. Welke tong je ook verkiest om in te spreken, ik zal
proberen je te blijven verstaan. Aan jou draag ik, met veel bewondering, dit werk op.

Tenslotte wil ik mijn familie bedanken. In het bijzonder mijn tante Ineke (de
microscoop die ik van je kreeg toen ik 7 werd, is nog goed van pas gekomen). Bedankt
voor je voortdurcnde belangstclling. Broer Alex, Adrienne, Demi en Bas bedankt voor
jullie steun en aanwe/igheid Pap en mam, jullie stonden altijd voor mij en mijn broer
klaar, ook als de tijden minder waren. Als professionals in de gezondheidszorg waren en
zijn jullie nog steeds cen voorbeeld voor mij. Wat een geluk heb ik met zulke ouders.

Marc
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