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Poly(ADP-ribosyl)ation is rapidly formed in cells following DNA damage and is regulated by poly(ADP-
ribose) polymerase-1 (PARP-1). PARP-1 is known to be involved in various cellular processes, such as DNA
repair, genomic stability, transcription, and cell death. During apoptosis, PARP-1 is cleaved by caspases to
generate 89-kDa and 24-kDa fragments, a hallmark of apoptosis. This cleavage is thought to be a regulatory
event for cellular death. In order to understand the biological significance of PARP-1 cleavage, we generated
a PARP-1 knockin (PARP-1¥/XI) mouse model, in which the caspase cleavage site of PARP-1, DEVD;;4, was
mutated to render the protein resistant to caspases during apoptosis. While PARP-1X/XI mice developed nor-
mally, they were highly resistant to endotoxic shock and to intestinal and renal ischemia-reperfusions, which
were associated with reduced inflammatory responses in the target tissues and cells due to the compromised
production of specific inflammatory mediators. Despite normal binding of NF-kB to DNA, NF-kB-mediated
transcription activity was impaired in the presence of caspase-resistant PARP-1. This study provides a novel

insight into the function of PARP-1 in inflammation and ischemia-related pathophysiologies.

Introduction

Upon DNA damage, poly(ADP-ribose) polymerase-1 (PARP-1, EC
2.4.2.30) is activated and catalyzes the formation of poly(ADP-
ribose) (PAR) chains by transferring (ADP-ribose) from -NAD*
onto itself and nuclear acceptor proteins (1). PARP-1 is known to be
involved in various cellular processes including DNA repair, recom-
bination, genomic stability, transcription regulation, and cell death
(1-3).In addition, massive poly(ADP-ribosyl)ation induced by acute
DNA damage results in rapid depletion of cellular NAD* and ATP
pools, which, if not regulated, can lead to cellular dysfunction and
cell death (4). Involvement of PARP-1 in cell death is also speculated
based on the prominent phenomenon that during apoptosis, PARP-1
is cleaved by caspases at the conserved site DEVD, 14, generating 24-
kDa and 89-kDa fragments, a hallmark of apoptosis.

Mice lacking PARP-1 develop normally and PARP-1-/- fibro-
blasts and lymphoid cells display a normal apoptotic response
after treatment with various apoptotic inducers, such as anti-Fas
antibody, TNF-a,, y-radiation, and dexamethasone, which demon-
strates that PARP-1 per se is dispensable for apoptosis, at least in
these cell types (5, 6). However, inactivation of PARP-1 by chemi-
cal inhibitors and genetic means protects mice from endotoxic
shock and other disease models related to inflammation, such as
diabetes, stroke, and myocardial reperfusion (7-12). In addition,
PARP inhibitors protect rats from renal and intestinal ischemia-
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reperfusion-induced (I/R-induced) lethality and tissue injury (13,
14). The mechanism underlying these models is believed to involve
massive PARP-1 activation induced by oxidative DNA damage,
resulting in tissue injury via depletion of cellular pools of NAD"*/
ATP, which causes cell death (4, 10).

Sepsis is a systemic inflammatory response syndrome to local-
ized or systemic infections that causes the overproduction of
proinflammatory cytokines, such as TNF-a and IL-1f, and ulti-
mately results in multiple organ failure (15). LPS, an endotoxin
found in the outer membrane of Gram-negative bacteria, is a
major trigger of sepsis. Endotoxic shock has been used to test
the inflammation response in animal models. PARP-1-/- mice are
highly resistant to LPS (9, 16). The increased survival of such mice
compared with wild-type is associated with a low TNF-o. and NO
production, which is believed to be due to the impaired transcrip-
tional activity of NF-kB in the absence of PARP-1 (3,9, 17, 18).
While some in vitro studies have demonstrated an involvement of
poly(ADP-ribosyl)ation in the DNA binding activity of NF-kB (19,
20), others have shown that PARP-1 activity is dispensable for this
transcription regulation process (17). Taken together, these stud-
ies indicate a role for PARP-1 in inflammation response.

Although cleavage of PARP-1 by caspases at the DEVD site is a uni-
versal phenomenon during apoptosis, the significance of this cleav-
age in vivo is largely unknown. It is postulated that PARP-1 cleavage
might occur in cells undergoing apoptosis to inactivate their capacity
to repair DNA in order to preserve energy pools (21,22). Itis also pro-
posed that the 24-kDa product of PARP-1 cleavage irreversibly binds
to DNA in order to prevent the access of DNA repair enzymes to frag-
mented DNA (23, 24). Consistent with these hypotheses, cell lines
expressing a caspase-resistant PARP-1 by mutating the DEVD, 4 site
displayed increased apoptosis and necrosis after TNF-o. treatment
(25-27). These studies indicate that the caspase cleavage of PARP-1
is an important regulatory event in cellular functions.
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Generation of PARP-1K/KI mice. (A) Structure of the targeting vector and partial restriction map of the PARP-1 locus before and after homolo-
gous recombination and Cre-mediated recombination. Exons are indicated by black boxes, and positions of two Southern blot probes are
represented by open boxes. Targeted allele and Kl allele of PARP-1 after gene targeting and Cre-mediated recombination, respectively, are
shown. Lox-P sites are represented by open triangles. The point mutation (D214N) is indicated by an asterisk. Restriction enzymes: Hindlll
(H); BamHI (B); Xhol (X); Sall (S). Crossed letter H represents the Hindlll site that is abolished during cloning of a targeting vector. (B and C)
Southern blot analysis of PARP-1—targeted (+/T) (B) and PARP-1+K (+/KIl) (C) ES cell DNA after digestion with Xhol and Hindlll, respectively,
and hybridization with probe 1 (B) and probe 2 (C). Cre-mediated recombination causes a deletion of the neo/tk cassette resulting in a size
reduction after Hindlll digestion. The genotype of individual ES clones is indicated above of the gels. (D) Genotyping of offspring from inter-
crosses of PARP-1+X! heterozygous mice by Southern blotting using probe 2. The genotype of individual animals is indicated above the blot.
(E) Results of sequencing of DNA obtained from a wild-type (PARP-1++; +/+) and a PARP-1K/KI (KI/KI) mouse. Arrows indicate the presence

of G — A transition at codon 214 in the PARP-1K/Kimouse.

To investigate the physiological relevance of PARP-1 cleavage
in cell death and inflammation, we engineered a mutant mouse
strain by introducing a point mutation into the caspase cleavage
site of the PARP-1 gene by a “knockin” (KI) strategy. Although
PARP-1 knockin (PARP-1¥/Kl) mice developed normally, they
were resistant to intestinal and renal I/R and endotoxic shock
models due to a downregulation of NF-kB transcriptional activ-
ity and inflammation mediators.

Results
PARP-1¥VKmijce develop normally. The conversion of aspartate to aspar-
agine at the 214 codon (Asp214Asn; D214N) renders the PARP-1
protein resistant to caspase cleavage (25). We constructed the target-
ing vector containing such a point mutation (D214N) at exon 5 of
the PARP-1 gene introduced by a site-directed mutagenesis (Figure
1A). After electroporation of the targeting vector into ES cells and
homologous recombination, ES clones containing a targeted allele
(PARP-1*/T) were identified by Southern blot analysis (Figure 1B). To
avoid interference of the selection cassette in the intronic sequence,
we removed the cassette expressing the neonycin resistance gene (neo)
and the thymidine kinase gene (tk) by transient expression of the Cre
recombinase in targeted heterozygous ES cells, generating a knockin
allele in ES cells (PARP-1*/XI) (Figure 1, A and C). PARP-1"/XLES cells
were used to generate heterozygous PARP-1*/Kl animals. After these
PARP-1*/XI mice were intercrossed, PARP-1X/KI mice were obtained at
a Mendelian ratio and exhibited no apparent developmental abnor-
malities compared with wild-type littermates (data not shown). The
presence of the introduced mutation in PARP-IX/K! mice was con-
firmed by sequencing the locus (Figure 1E).

Characterization of caspase-resistant PARP-1. We first examined by
Western blotting expression levels of the mutant PARP-1 protein
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in PARP-1¥V/XI mice and found an equal amount of the protein
expressed in PARP-1¥/Kl and wild-type fibroblasts, thymocytes, and
macrophages, which were the cell types used in the present study
(data not shown). To confirm that the point mutation introduced
at the DEVD site renders PARP-1 resistant to caspase cleavage, we
activated caspases in thymocytes, a cell type that undergoes classic
apoptosis, after dexamethasone treatment. Western blot analysis
revealed that 9 hours after dexamethasone treatment, significant
cleavage of PARP-1 was observed in wild-type extracts as shown by
the presence of the 89-kDa band, whereas extracts from PARP-IK/K!
thymocytes presented only 1 band at 113 kDa corresponding to
the full length of PARP-1 (Figure 2A). To rule out the possibil-
ity that mutant PARP-1 could act as a competitive inhibitor of
caspases, we measured at different time points caspase-3 activity
in these cell extracts after dexamethasone treatment. As shown in
Figure 2B, the kinetics of induction and activity of caspase-3 were
similar in wild-type and PARP-1XV/X! cells with a peak at 6 hours,
which indicated that caspase-resistant PARP-1 had no inhibitory
effect on caspase-3 activity. Thus, mutant PARP-1 is effectively
resistant to caspase cleavage during apoptosis in thymocytes and
does not interfere with caspase-3 activity.

To investigate whether the point mutation introduced would
affect the PARP-1 catalytic activity, we used a biochemical assay to
test the PAR polymerase activity of noncleavable PARP-1 in vitro by
measuring auto-poly(ADP-ribosyl)ation of PARP-1, since it is the
major target of this modification. Figure 2C shows that cellular
extracts from wild-type and PARP-1¥/X! primary mouse embryonic
fibroblasts (MEFs) exhibited a similar amount of the PARP-1 pro-
tein and a similar extent of PAR synthesis at the size of 113 kDa,
which corresponds to PARP-1. To examine whether mutant PARP-1
was functional in vivo, we induced DNA damage in MEFs using
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Figure 2

Characterization of mutant PARP-1. (A) Western blot analysis showing the cleavage of PARP-1 in cell extracts from PARP-1++ and PARP-1K/KI
thymocytes treated with 1 uM dexamethasone (Dex) for 3 and 9 hours. Note intact PARP-1 in PARP-1X/Kl cell extracts. Actin was used as a
loading control. This experiment was repeated at least 2 times. (B) Caspase-3 activity was measured using 2 sets of PARP-1++ and PARP-1K/KI
thymocytes after treatment with 1 uM dexamethasone for 3, 6, and 9 hours. (C) Enzymatic activity analysis in PARP-1K/KI MEFs. Cell extracts
from indicated genotypes were prepared and the polymer (PAR) formation was visualized by incubating the blot with 32P-labeled NAD*. The blot
was re-hybridized with anti-PARP-1 and anti-actin antibodies. PARP-1-- (—/—) MEFs were used as a control. This experiment was repeated at
least 2 times. (D) Immunofluorescence staining of polymers (PAR). MEFs were incubated with 200 uM H,O,, fixed at the indicated time points,
and labeled with the anti-PAR antibody (red). Nuclei were stained with DAPI (blue).

H,0; and stained the cells using an antibody directed against PAR.
Staining of polymers revealed that PARP-1X/K MEFs displayed the
same level and kinetics of formation as wild-type cells after H,O,
treatment (Figure 2D). Specifically, PAR formed after 5 minutes,
reached peaks at 10 minutes, and decreased after 20 minutes (Fig-
ure 2D). Taken together, these results demonstrate that the point
mutation introduced at the DEVD site did not affect the protein
expression and PARP-1 activity in response to DNA damage.
PARP-1XVKI mice are resistant to endotoxic shock. In order to test
whether PARP-1 cleavage is involved in the response to LPS-induced
septic shock, we treated mice of both PARP-1"/* and PARP-1X/KI
genotypes with LPS and monitored survival over a period of 7 days.
Interestingly, PARP-1¥/XI mice were more resistant to LPS treatment
compared with wild-type mice, as approximately 40% of PARP-1X/KI
mice survived, whereas all wild-type counterparts died (P = 0.0463;
Figure 3A). In order to examine the nature of the reduced inflam-
matory response, we measured proinflammatory cytokines released
in the blood of wild-type and PARP-1X/XI mice 2 hours after LPS
treatment. As shown in Figure 3B, the induction of IL-1f was sig-
nificantly compromised (P = 0.03) in PARP-I1XI/KI sera compared
with that of wild-type mice. Similarly, the production of TNF-a
was also lower in PARP-1XV/K! sera compared with that of wild-type
1074
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counterparts, although the difference was not statistically signifi-
cant (Figure 3C). These results suggest that noncleavable PARP-1
compromises an inflammatory response induced by LPS.
Impaired induction of NO synthase-2 in PARP-1XVKl macrophages.
To examine the status of NO production, we isolated peritoneal
macrophages from wild-type and PARP-1X/XI mice and stimulated
them in culture dishes with LPS. After 24 hours, supernatant was
collected and nitrite was measured. Figure 4A shows that PARP-1<VKI
macrophages secreted about 50% less NO than the wild-type
counterparts. As a control, PARP-1-/- macrophages also secreted
less NO (data not shown), consistent with a previous study (9).
Because iNOS/NO synthase-2 (iNOS/NOS-2) is responsible
for the production of NO by macrophages, we analyzed NOS-2
expression in PARP-1XVKl macrophages. Western blot analysis
revealed that the expression of NOS-2 was greatly reduced com-
pared with wild-type cells (Figure 4B), which correlated with the
reduced synthesis of NO by PARP-1¥/Kl macrophages. Northern
blot analysis further confirmed that the downregulation of NOS-2
was due to dramatically reduced transcription of the nos-2 gene
in PARP-1¥VXI macrophages (Figure 4C). Thus, the response of
PARP-1¥VKI macrophages to LPS is compromised most likely due
to misregulation of inflammation mediators.
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PARP-1K/KI mice are resistant to endotoxic shock. (A) PARP-1++ and PARP-1K/KI mice were treated with LPS or PBS, and their survival was
monitored over 7 days. A representative experiment is shown with indicated numbers of mice (n) in each group. The experiment was repeated at
least 3 times. (B and C) Levels of IL-13 (B) and TNF-a (C) in mouse sera 2 hours after LPS or PBS treatment were analyzed by ELISA. Number
of mice with each measurement is indicated. Data in B and C represent 1 of 2 independent experiments.

Noncleavable PARP-1 regulates the activity of NF-KB. To investigate
whether nos-2 downregulation was due to impaired NF-kB activity,
we next analyzed the NF-kB function in PARP-1¥V/K! cells in response
to LPS (9, 17). To test the binding activity of NF-kB to DNA, we incu-
bated nuclear extracts of macrophages stimulated with LPS using
a probe containing the NF-kB consensus sequence. Electromobility
shift assay (EMSA) analysis revealed that NF-kB bound to the kB
sequences in PARP-1¥V/Kl nuclear extracts as efficiently as in wild-type
extracts (Figure SA). The specificity of the binding was assessed by
incubating the extracts with a cold probe and also a probe containing
amutation in the NF-kB consensus sequence (data not shown).

To test NF-kB transcriptional activity in the presence of caspase-
resistant PARP-1, we transfected an NF-kB reporter vector contain-
ing the nos-2 promoter into PARP-1*/* or PARP-1¥/X mouse lung
fibroblasts (MLFs) and found that NF-xB transcriptional activity
was severely impaired in PARP-1X/XI cells in response to LPS or LPS
plus IFN-y treatment (Figure 5B). The same transfection experi-
ments with a reporter gene under the control of mutated kB sites
demonstrated that the observed induction was NF-kB specific. We
next performed reconstitution experiments to examine the function
of wild-type, noncleavable, and enzyme-dead PARP-1 in the NF-kB-
mediated transactivation of target genes in response to LPS and
IFN-y. To this end, we cotransfected PARP-1-/- macrophages, which
are defective in NF-xB transactivation, with an NF-kB reporter
together with a vector expressing either a wild-type, a caspase-resis-
tant PARP-1 (D214N), or an enzyme-dead PARP-1 (M890V/D899N)
(Figure 5C). Similar expression levels of these vectors in these cells
were detected by Western blotting (Figure 5D). NF-kB transcrip-
tional activity was not restored in PARP-17/- macrophages recon-
stituted with noncleavable PARP-1 (D214N) compared with those
reconstituted with a wild-type PARP-1 (Figure SC, upper panel).
Interestingly, an enzyme-dead PARP-1 fully restored the NF-xB
transcriptional activity in PARP-1-/- macrophages to the level of
cells reconstituted by wild-type PARP-1 (Figure 5C, lower panel).
Thus, NF-kB transcriptional activity is impaired in PARP-1XVKI cells
in response to LPS alone or to LPS plus IFN-y.
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These data suggest that PARP-1 cleavage regulates NF-kB functions.
We attempted to test whether PARP-1 is indeed cleaved in response
to LPS in macrophages. We failed to detect any cleaved products
of PARP-1 in primary mouse macrophages upon LPS stimulation
(data not shown) because the anti-PARP-1 antibody (C2-10) did not
efficiently recognize the cleaved products of PARP-1 in mouse or in
human cells. Therefore, we used a human macrophage-like cell line
(THP-1) and a newly generated human PARP-1-specific antibody. We
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Induction of NO and NOS-2 in PARP-1X/Kl macrophages by LPS. (A)
PARP-1++ and PARP-1K/KI macrophages were treated with LPS (1
ug/ml) for 24 hours, and nitrite in the medium was measured. The
data are from pooled macrophages of 4 mice, values are the mean of
duplicate measurements, and the study was repeated at least 3 times.
(B) Western blot analysis of NOS-2 from macrophages treated with or
without LPS for 24 hours. Note a great reduction of NOS-2 expression
in PARP-1KKi cells compared with PARP-1++ samples. Actin was used
as a loading control. This experiment was repeated three times. (C)
Northern blot analysis of nos-2 expression in macrophages treated
with LPS for 24 hours. Ethidium bromide staining of 28S rRNA was
used as a loading control. Note a significant reduction in nos-2 expres-
sion in PARP-1X/KI macrophages compared with PARP-1++ counter-
parts. This Northern blot is from 1 of the 2 experiments.
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Noncleavable PARP-1 impairs NF-kB—dependent gene expression in response to proinflammatory stimuli. (A) EMSA analysis of NF-xB
binding activity in PARP-1++ and PARP-1K/Kl macrophage extracts. This experiment was repeated at least 5 times using 3 indepen-
dent sets of samples. (B) Primary PARP-1++ MLFs and PARP-1K/KI MLFs were transfected with the indicated luciferase reporter vectors:
nos-2(1485/+31WT)-Luc (nos-2 WT-Luc) and nos-2(1485/+31NF-kBmut)-Luc (nos-2 mutkB-Luc). The luciferase activity was measured after
stimulation by LPS and/or IFN-y for 12 hours. (C) Primary PARP-1-- peritoneal macrophages were cotransfected with nos-2(1485/+31WT)-
Luc or nos-2(1485/+31NF-kxBmut)-Luc, together with vectors expressing wild-type PARP-1 (WT) or caspase-resistant PARP-1 (D214N;
upper panel) or enzyme-dead PARP-1 (M890V/D899N; lower panel). NF-kB activation (fold increase) in B and C was determined by the
ratio of the luciferase activity between cells treated and untreated with LPS and IFN-y. The value of untreated cells was arbitrarily set to 1.
Error bars indicate standard errors of 3 independent experiments. (D) Western blot analysis shows corresponding PARP-1 proteins used
in panel C. (E) Western blot analysis of PARP-1 cleavage in THP-1 cells upon LPS stimulation. Note that PARP-1 cleavage products are

readily visible 6 hours after LPS stimulation. This Western blot is representative of the 2 experiments.

found by Western blotting that PARP-1 was cleaved in these cells in
response to LPS treatment, albeit in a small amount (Figure SE).
PARP-1XUKI mice are protected from intestinal I/R. Intestinal I/R
induces proinflammatory cascade in the gut, which can culminate
in multiple organ dysfunction syndrome (28). We next performed
intestinal I/R experiments by splanchnic artery occlusion (SAO).
While SAO shock resulted in the death of 50% of PARP-1*/* mice at
2 hours after reperfusion, only 30% of PARP-1XV/Kl mice died after
SAO shock. All sham-operated mice survived the entire 2-hour
observation period. A histological examination at 60 minutes after
reperfusion revealed a disruption of intestinal mucosa and a loss
of the villi structure in wild-type ileum sections (Figure 6A). It was
also evident that infiltration of neutrophils, lymphocytes, and
plasma cells extended through the wall and concentrated below
the epithelial layer, with occasional focal ulceration (Figure 6A). In
1076
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contrast, PARP-1¥/KI mice showed a marked reduction in histologi-
cal alterations, inflammatory cell infiltration, or exudate forma-
tion (Figure 6B). No intestinal injury was found in tissue sections
from sham-operated mice (Figure 6C). These results suggest that
noncleavable PARP-1 protects mice from intestinal injury by I/R.

Inflammation response and oxidative damage are reduced in PARP-1¥VK!
mice. The release of free radicals and oxidant molecules during the
early phase of reperfusion has been suggested to cause tissue necro-
sis and mucosal dysfunction (29). Intestinal I/R induced a marked
increase in tissue-positive staining for nitrotyrosine, a marker of tis-
sue injury, in the epithelium of the small intestine of wild-type mice
(Figure 6D). We found very weak staining for nitrotyrosine in the
intestine of PARP-1XV/KI mice subjected to SAO treatment (Figure
6E). It was also noted that there was no staining for nitrotyrosine in
the intestine obtained from sham-operated mice (Figure 6F).
October 2004

Volume 114 ~ Number 8



Sham

Nitrotyrosine

W +/+(n=10) P<001 7 Wl ++ (n=10)

| EIKIKI (n=10) 100 { EKIKI (n = 10)

MPQ activity
MDA

(nU/g wet tissue)

SAO

I Sham
1500 P<0.01

SAO

. ++ (n=10)
[ KIKI (n = 10)

—
na
w
(=]

1000
750
500
250

TNF-o (pg/ml)

Sham SAO

We next examined whether the protection of tissue damage
in PARP-1XV/KI mice was due to reduced inflammation. Infiltra-
tion of inflammatory cells (mainly neutrophils) in the intes-
tine is associated with the induction of myeloperoxidase (MPO)
activity. We found that while MPO activity was significantly
elevated at 60 minutes after reperfusion in the intestine from
SAO-shocked wild-type mice, the induction was significantly
reduced (P < 0.01) in the SAO-shocked PARP-1XVX! intestine in
comparison with that in wild-type mice (Figure 6G). We fur-
ther assessed the status of peroxidation in the intestine of SAO-
shocked mice. While high levels of malondialdehyde (MDA),
indicative of lipid peroxidation, were detected in the wild-type
intestines 60 minutes after reperfusion, the MDA levels in the
PARP-1¥VKlintestine were significantly lower than those in wild-
type mice (P < 0.01) (Figure 6H).

Finally, we evaluated the serum levels of TNF-a at 60 minutes
after reperfusion and found that this cytokine was significantly
elevated in the plasma from SAO-shocked wild-type mice (P < 0.01).
However, a significantly reduced TNF-a induction was observed in
the plasma from SAO-shocked PARP-1XV/KI mice (Figure 61).
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Figure 6

PARP-1K/Ki mice are protected from intestinal I/R injury. (A—C) H&E
staining of ileums. (A) The SAO-shocked ileum from a PARP-1++
animal exhibits destroyed villi and mucosa. Infiltration of neutrophils
and leukocytes (arrows) is evident. (B) The ileum from a PARP-7KIKI
mouse showing a relatively normal structure of villi and mucosa. (C)
The ileum from a sham-operated animal. (D—F) Nitrotyrosine staining
of the ileum after SAO treatment. A strong staining of nitrotyrosine
(e.g., arrows in D) in the ileum from a PARP-1++ animal is in contrast
to the weak staining in the PARP-1K/Xl jleum (E). (F) A weak staining
for nitrotyrosine is shown in the sham-operated ileum. (G) MPO activ-
ity was significantly lower in PARP-1X/XI mice after SAO shock com-
pared with that in PARP-1++ controls. (H) After SAO shock, the level
of MDA induction was significantly lower in intestines of PARP-1XIKI
mice compared with PARP-1++ mice. (I) A significant reduction of
the increase of TNF-a. levels was observed in the plasma from SAO-
shocked PARP-1X/KI mice when compared with wild-type mice. Ten
mice were used for each treatment. Original magnification (A—F), x180.
Data in (G-I) represent the mean + SEM for 10 observations.

PARP-1XVKI'mice are protected from renal I/R. To test the generality
of caspase-resistant PARP-1 in protecting mice from inflammation
and tissue injury, we examined the response of PARP-1¥/XI mice in
another I/R pathological model; i.e., renal I/R that causes the injury
and death of renal cells leading to renal dysfunction and failure
(30-33). I/R caused a significant increase in the plasma levels of
urea, creatinine, aspartate aminotransferase (AST), and nitrite/
nitrate in wild-type mice compared with sham-operated mice (Fig-
ure 7, A-D), which suggests a significant degree of renal dysfunc-
tion, reperfusion injury, and NO synthesis. In contrast to wild-type
mice, I/R-treated PARP-1X/XI mice showed significantly attenuated
renal dysfunction, as measured by plasma urea and creatinine levels
(Figure 7, A and B), and reperfusion injury, as measured by plasma
AST levels (Figure 7C). In addition, the induction of plasma nitrite/
nitrate concentrations was abolished in PARP-1XV/XI mice subjected
to I/R (Figure 7D). Histological examination of kidneys revealed
that wild-type mice subjected to I/R showed a significant degree of
renal injury (Figure 7E) when compared with sham-operated wild-
type mice (Figure 7G). Specifically, I/R-treated wild-type kidneys
exhibited degeneration of tubular structure, tubular dilatation,
swelling and necrosis, luminal congestion, and eosinophilia (Fig-
ure 7E). In contrast, I/R-treated PARP-1XV/X! renal sections showed
a marked reduction in the severity of these histological features
of renal injury (Figure 7F) when compared with kidneys obtained
from wild-type mice subjected to I/R only (Figure 7E).

We next measured the MPO activity in the kidney tissues after
I/R and found that it was significantly lower in PARP-1XV/K kidneys
compared with those of the wild-type counterparts (Figure 7H).
Finally, there was no difference in any of the above biochemical
and histological parameters measured between sham-operated
PARP-I¥Y/XI mice and sham-operated wild-type controls (see Figure
7, A-D, H). These results demonstrate that PARP-1X/KI mice were
resistant to tissue damage caused by renal I/R.

Caspase inhibitor attenuates inflammation in intestinal and renal 1/R
models. To further evaluate whether PARP-1 cleavage is responsible
for the protective effects against I/R treatment, we used a broad
caspase inhibitor (N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl
ketone; Z-VAD-fmk) in these models. The administration of Z-VAD-
fmk prior to SAO treatment protected the ileum of wild-type mice
from tissue injury (Figure 8, A-C). Specifically, the structure of
intestinal mucosa and villi was preserved in wild-type mice pre-
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treated with the inhibitor, which was in contrast with mice pre-
treated with the solvent only (vehicle). Consistently, MPO activ-
ity in the gut from mice pretreated with Z-VAD-fmk was reduced
(Figure 8D). Similarly, the caspase inhibitor also attenuated tis-
sue injury from renal I/R treatment as judged by the reduction of
creatinine and urea in the plasma (Figure 8, E and F), although the
urea level was not statistically different from that in the vehicle-
treated group, which may be attributable to the regime of this spe-
cific model in which the reperfusion lasted 24 hours.

Discussion

Once apoptosis is triggered in cells, PARP-1 is cleaved by activated
caspases, mainly by caspase 3, but also by caspase 7. In order to
investigate the physiological significance of this cleavage, we gen-
erated a mouse model designed as PARP-1 KI (PARP-1XV/XT) mice.
Although these mice do not show apparent spontaneous abnor-
malities, they are hyperresistant to tissue injuries induced by
inflammation and I/R due to the downregulation of NF-kB tran-
scriptional activity, which results in the compromised production
of specific inflammatory mediators. These results suggest that the
PARP-1 cleavage event is physiologically relevant in the regulation
of an inflammatory response in vivo.

We found that PARP-1¥/Kl mice are protected from LPS-induced
endotoxic shock. LPS activates the adaptive immune system by
inducing the release of proinflammatory molecules (34). IL-1f,
a proinflammatory cytokine, and NO, an antimicrobial cytotoxic
agent, are major mediators of the acute inflammatory response to
microorganisms (35, 36). Our study shows that the resistance of
PARP-1¥V/KI mice to LPS-induced septic shock is associated with a
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Figure 7

PARP-1X/Ki mice are protected from renal I/R. (A-D) Biochemical
parameters of mice subjected to sham-operation or renal I/R. (A)
Plasma urea and (B) creatinine levels were measured as markers of
renal dysfunction. (C) Plasma AST levels were measured as a marker
of reperfusion injury. (D) Plasma nitrite/nitrate levels were measured
as a marker of nitric oxide synthesis. (E-G) Histological analysis (H&E)
of renal sections of mice subjected to sham-operation or renal I/R. (E)
A renal section of a wild-type mouse subjected to renal I/R showing
glomerular degeneration (GD), tubular dilatation (TD), tubular conges-
tion (TC), and the presence of eosinophilia (Eos). (F) A PARP-1X/K! kid-
ney after renal I/R displayed a reduction in renal injury. (G) A section
from a sham-operated mouse. Original magnification, x125. (H) Renal
MPO activity was measured as a marker of neutrophil infiltration subse-
quent to sham operation or renal I/R. Wild-type sham: n = 6; PARP-1K/KI
sham: n = 4; wild-type renal I/R: n = 8; PARP-1X/Xl renal I/R: n = 8.
Data in A-D and H represent the mean + SEM for n observations.

decreased secretion of IL-1f in blood and a decreased production
of NO by macrophages. In local pathophysiological models caused
by I/R, we observed that PARP-1¥/XI mice were protected from SAO
shock-induced inflammation, which correlates with a preserved
intestinal villi histology, reduced MPO activity and TNF-a in the
blood, as well as low levels of nitrotyrosine and lipid peroxidation
in the target tissues. In addition, we found a similar resistance
in PARP-1¥V/XI mice to renal I/R treatment. Biochemical analysis
showed that PARP-1¥/XI mice are protected from renal failure due
to the reduced renal tissue injury (see Figure 7).

It has been hypothesized that the protective function of PARP-1
deficiency against I/R injury and also endotoxic shock may be
attributed to the preservation of cellular pools of NAD*/ATP and
consequently reduced cell death (4, 9). However, since in PARP-1K/K!
mice, PARP-1 is intact and cannot be cleaved by caspases, the
current study suggests that proper proteolysis of the PARP-1
protein is an important regulatory event in cellular functions,
particularly in inflammatory response. In fact, the production
of proinflammatory mediators, such as NO, was impaired in
PARP-1XUKI macrophages. This reduction correlates with the
downregulation of nos-2 gene expression (Figure 4). This observa-
tion is consistent with the notion that NOS-2 activity is responsi-
ble for the production of nitrotyrosine and lipid peroxidation (29).
Thus, the protection of PARP-1¥/X mice from LPS and I/R appears
to be due to the impaired induction of NOS-2. It is also interesting
to note that nos-2 deletion and NOS-2 inhibitor protected mice
from renal and intestinal I/R treatment due to a diminished nitro-
tyrosine formation and low MDA levels in target tissues (29, 37).

Thus, PARP-1 cleavage seems to regulate expression of inflamma-
tion mediators through its role in coactivation with NF-kB. Indeed, we
found that NF-kB transcriptional activity was impaired in PARP-1KV/KI
cells in response to inflammatory stress. Despite normal capacity
of NF-kB binding to consensus sequences, its transcriptional activ-
ity was impaired in PARP-1XV/X! cells. Interestingly, since PARP-1
was fully enzymatic active in PARP-I¥/KI mice and enzyme dead
PARP-1 could restore NF-kB activity in PARP-17/- macrophages, the
enzymatic activity of PARP-1 seems to be dispensable for NF-kB-
dependent gene expression (17). Finally, consistent with the obser-
vation that the activation of caspases can occur rapidly in vivo, e.g.,
within 2 hours in renal I/R (38), we found that caspase inhibitor
Z-VAD-fmk and noncleavable PARP-1 show a protective effect in our
I/R models. These findings are reminiscent of previous studies show-
ing that caspase inhibitors attenuate the mouse response to septic
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Caspase inhibitor protects mice from I/R treatment. (A) The SAO-shocked PARP-1++ ileum pretreated with
vehicle exhibiting destroyed mucosa and infiltration of neutrophils and leukocytes (arrows). (B) The ileum from
a PARP-1+* mouse injected with Z-VAD-fmk prior to SAO treatment showing attenuated damages of villi and
mucosa. (C) The ileum of a sham-operated animal. Pictures are representative of each group of 10 mice.
(D) MPO activity in mice treated with caspase inhibitor prior to SAO shock. (E and F) PARP-1++ mice were

subjected to renal I/R with or without a pretreatment with Z-VAD-fmk.

inhibitor against renal dysfunction as shown by urea (F) and creatinine (E) levels in plasma after renal I/R.

Note a reduced production of these markers in Z-VAD-fmk—pretreated

vehicle: n = 4; renal I/R plus Z-VAD-fmk: n = 6. Data in (D—F) represent the mean + SEM for n observations.

shock, focal and renal I/R, and allergic airway inflammation in the
asthma model (38-43). Although each of these studies has proposed
a different mechanism, all of them are linked to the prevention of
cell apoptosis. While these mechanisms are plausible, our study
provides an additional explanation for their observation on bet-
ter survivals in caspase inhibitor-treated animals, namely through
NF-kB transactivation of cytotoxic molecules. Nevertheless, we can-
not absolutely rule out the possibility that Z-VAD-fmk could block
the release of cytokines (e.g., IL-1f and IL-18) and thereby protect
mice from renal and intestinal I/R (43-45). Taken together, these
studies indicate that PARP-1 cleavage may be required for NF-kB
transcriptional activity. Since we detected NO only after 24 hours
and the PARP-1 cleavage was already visible at 6-12 hours, our
study clearly demonstrates that the PARP-1 cleavage is an earlier
event than the apoptosis induced by cytotoxic molecules. Although
the degree of PARP-1 cleavage was low, it may be significant, given
that PARP-1 is abundant in cells, and a small amount of PARP-1
may be sufficient for NF-kB activation. Since PARP-1 fragments can
costimulate NF-kB activity (46), it is reasonable to speculate that
cleaved fragments of PARP-1 might modulate the interaction of
p300 and NF-kB with the basal transcription machinery (46). How-
ever, the exact molecular mechanisms have yet to be investigated.
Application of caspase inhibitors has been shown to attenu-
ate intestinal and renal tissue injuries (in our study) and other
pathophysiological processes (39-43). The present study, using a
genetically engineered mouse model, in which PARP-1 cleavage is
abolished, provides novel insights into the significance of caspase
cleavage of PARP-1 and highlights the importance of PARP-1 in
inflammation and tissue injury. These data demonstrate that
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repressing caspase activity can
prevent PARP-1 cleavage and
thereby reduce NF-kB-medi-
ated inflammation response.
This information may have
strong implications for the
development of pharmaceu-
tical strategies to prevent
chronic and acute inflamma-
tion response.

Methods

Generation of the KI construct and
PARP-1XVKI jnice. We used a 10-kb
PARP-1 genomic fragment (a kind
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containing exons 4-9 to construct
Sham  Vehicle Z-VAD-fmk  a gene targeting vector. A point
mutation (GA at nucleotide 640 of
the mouse PARP-1 gene) was intro-
duced into the DEVD box (codons
211-214) as described previously
(25). A neo/tk cassette flanked by
two lox-P sites (a kind gift from
The protective effect of the caspase  E.F. Wagner, Research Institute
of Molecular Pathology, Vienna,
animals. Sham: n = 6; renal I/R plus Austria) was placed in the down-
stream intron 4. The linearized
targeting vector was electroporated
into E14.1 ES cells, and targeted
ES clones were identified by PCR and Southern blot analyses. To excise the
neo/tk selection cassette, the targeted ES clones were transfected by a Cre-
expressing plasmid, pMC-Cre. After selection in 2 uM ganciclovir (Cymévan;
Roche), ES clones containing the D214N mutant (KI) alleles were identified
by Southern blotting and injected into blastocysts for production of chime-
ric mice. Chimeras were crossed with C57BL/6 or 129/Sv animals to generate
founder lines. All animal experiments were performed in accordance with the
IARC’s Animal Care and Use Guidelines.

Isolation of primary cells and culture of cells. MEFs were isolated as described
previously (47). Thymocytes were prepared by disruption of the thymus
through a 40-um mesh and were cultured for 24 hours in complete DMEM
medium containing 20% FCS. To isolate macrophages, we injected mice
8-10 weeks of age with thioglycollate broth (BD) 3 days prior to the experi-
ment. Peritoneal macrophages were obtained by washing of the peritoneal
cavity with a RPMI medium containing 10% FCS and heparin. Primary
macrophages and human monocyte/macrophage-like cell line THP-1 were
cultured in complete RPMI medium. Primary MLFs were isolated from
adult lungs (48) and were cultured in complete DMEM medium. For NO
production, macrophages were stimulated with 1 ug/ml LPS, and nitrite
was measured using the Griess reagent (49).

Activity assay for PARP-1 and caspase-3. For measurement of PARP-1 activity
in vitro, 5 x 105 MEFs were lysed and processed as described previously (47).
For measurement of polymer formation in cells by immunofluorescence,
DNA damage was induced by 200 uM of H,O, in MEFs. After fixation in 10%
trichloroacetic acid, cells were incubated with an anti-PAR antibody (1:200)
(LP96-10; Alexis Biochemicals) and Cy-3-conjugated anti-rabbit IgG (DAKO).
Cell nuclei were counterstained with DAPI. The caspase activity assay was per-
formed as described previously (21), except that apoptosis was induced by the
treatment of thymocytes with 1 uM dexamethasone (Sigma-Aldrich).
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Endotoxic shock and measurement of serum cytokines. Mice in a 129/Sv/Ola
background were housed in a pathogen-free facility. Sex- and age-matched
mice (8-10 weeks of age) were injected intraperitoneally (i.p.) with 30 mg/kg
body weight of LPS (0111:B4; Sigma-Aldrich). To measure cytokine produc-
tion, we collected blood 2 hours after LPS treatment and measured IL-1f3 and
TNF-a concentrations using an ELISA kit (R&D systems). For measuring
TNF-a. production after intestinal I/R, plasma samples were collected from
all animals (n = 10 for each group), and the assay was conducted using a colo-
rimetric commercial kit (Calbiochem-Novabiochem; Merck Biosciences).

Intestinal I/R. Male mice in a 129/Sv/Ola background were anesthetized
with urethane (1.3 g/kg body weight, i.p.). Mice (n = 10 for each group)
were observed for a 30-minute stabilization period before either splanchnic
ischemia or sham ischemia. SAO was induced by clamping both the superior
mesenteric artery and the celiac trunk, resulting in a 30-minute occlusion,
followed by reperfusion. All the mice were sacrificed at 60 minutes after
reperfusion for histological examination and biochemical studies. In another
experiment, all the mice were sacrificed at 120 minutes following reperfusion
for determination of survival. For caspase inhibitor experiments, mice were
injected with 10 mg/kg body weight of Z-VAD-fmk prior to I/R treatments.
The vehicle solution consisted of saline containing 1 ml/kg of DMSO.

Renal I/R. Male mice (n = 4-8 for each group) in a 129/Sv/Ola background
were anesthetized with avertin (125 mg/kg, i.p.) and subjected to bilateral renal
ischemia for 30 minutes, during which the renal arteries and veins were occlud-
ed using microaneurysm clamps (37). Microaneurysm clamps were not used
on sham-operated mice. After the renal clamps were removed (reperfusion), the
mice were observed for 24 hours; blood samples were then collected and mice
were sacrificed. Plasma urea and creatinine concentrations were measured as
described previously and used as indicators of renal (glomerular) function (37).
The plasma levels of AST, an enzyme located in the proximal tubule, were used
as an indicator of reperfusion injury (37). Plasma nitrite/nitrate concentra-
tions were examined using the Griess assay (50). For caspase inhibitor experi-
ments, mice were injected with 5 mg/kg body weight of Z-VAD-fmk prior to
and 12 hours after the occlusion of the renal arteries and veins. The vehicle
solution consisted of saline containing 1 ml/kg of DMSO.

Histological and immunobistochemical analysis. All the histological and
immunohistochemistry studies were performed in a double-blinded
fashion. After reperfusion, ileum, and kidney tissue biopsies were fixed
in a buffered formaldehyde solution as described previously (29). For
immunostaining, the sections were incubated overnight with a primary
anti-nitrotyrosine antibody (1:1000; Upstate) or with a control including
buffer alone or a nonspecific purified rabbit IgG. Immunohistochemistry
photographs (n = 5) were assessed by densitometry using Optilab software
(Graftek) on a Macintosh computer (CPU G3-266).

MPO activity and determination of MDA levels. Assessment of neutrophil infiltra-
tion in the intestine or kidney was performed by measurement of MPO activ-
ity, as previously described (51). MPO activity was defined as the quantity of
enzyme degrading 1 umol of peroxide per minute at 37°C and was expressed
in microunits per gram of wet tissue. The presence of thiobarbituric acid-reac-
tant substances, an indicator of lipid peroxidation, was determined as previ-
ously described (52), in the intestinal tissues. Thiobarbituric acid-reactant
substances were calculated by comparison with ODgsp of standard solutions
of 1,1,3,3-tetramethoxypropane malondialdehyde bis(dimethyl acetal) (Sigma-
Aldrich) and expressed as MDA levels. The results were analyzed by one-way
ANOVA followed by a Bonferroni post-hoc test for multiple comparisons.

Northern blot analysis. Total RNA was prepared from macrophages using
Tri-reagent (Sigma-Aldrich). Total RNA (16 ug) was used for Northern
blot analysis as described previously (47). Nos-2 cDNA was used as a
hybridization probe.

Protein extraction and Western blot analysis. MEFs, thymocytes, and
macrophages were lysed for 30 minutes in a hypertonic buffer (20 mM
1080
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HEPES pH 7.6, 20% glycerol, 500 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 1 mM DTT, 0.1% NP-40 and protease inhibitors). Human THP-1
cells were treated with 2 pug/ml LPS for the indicated time. Protein samples
(25 ug) were resolved on a 10% SDS-PAGE and blotted onto a nitrocel-
lulose membrane (Bio-Rad). Western blots were visualized using the
chemiluminescence system (Amersham Biosciences). The following anti-
bodies were used to hybridize blots: anti-PARP-1 (C2-10; R&D Systems);
anti-NOS-2 (C-11; Santa Cruz Biotechnology Inc.), anti-actin (C-4; ICN
Pharmaceuticals Inc.), and anti-tubulin. Human PARP-1 was detected in
THP-1 cell extracts using a human PARP-1-specific polyclonal antibody
raised against a baculo-expressed human PARP-1 fragment.

EMSA. Nuclear pellets of macrophages were lysed in a buffer (20 mM
HEPES pH 7.6, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT, 1% NP-40 and 0.5 mM PMSF, 3 ug/ml pepstatin A,
2 ug /ml leupeptin, 40 uM benzamidine). Nuclear extracts (10 pg) were
incubated with an end-labeled double-stranded oligonucleotide contain-
ing one NF-kB consensus site (5'-GGTTACAAGGGACTTTCCGCTG-3')
in 28 ul of binding buffer (10 mM HEPES pH?7.6, 145 mM NaCl, 2.1 mM
DTT, 0.8 mM MgCl,, 10% glycerol, 0.05% NP-40, 0.5 ug poly(dI-dC),
and 0.35 ug BSA) for 30 minutes. Samples were fractionated on a 5%
polyacrylamide gel and visualized by autoradiography.

Transient transfection and NF-KB activity analysis. Primary MLFs at early
passages (passages 1-3) were cotransfected with 1 ug pphRSV-nt-Bgal
reporter construct (46) and 15 ug of n0s-2(1485/+31WT)-Luc, or of
n0s-2(1485/+31NF-kBmut)-Luc (53). Cells were stimulated with 10 ug
LPS or 1,000 U/ml IFN-y (Sigma-Aldrich) for 12 hours. PARP-1-/- perito-
neal macrophages were cotransfected with 5 ug of 70s-2(1485/+31WT)-
Luc or of nos-2(1485/+31NF-kBmut)-Luc, 1 ug of pphRSV-nt-fgal
reporter, together with 5 ug of the PARP-1-expressing vector. The
enzyme-dead mutant of PARP-1 (M890V/D899N) was characterized and
documented by Rolli et al. (54). These cells were stimulated with 2 ug/ml
LPS and 500 U/ml IFN-y for 12 hours. 3-Gal was used as an internal
control for transfection efficiency. Luciferase activity was measured as
described previously (46).
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