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SUMMARY

Poly(ADP-ribose) polymerase-1 (PARP-1) is activated in response to DNA injury in the nucleus

of eukaryotic cells and has been implicated in intestinal barrier dysfunction during inflammatory

bowel diseases. In this study we investigated whether PARP-1 may regulate the inflammatory

response of experimental colitis at the level of signal transduction mechanisms. Mice genetically

deficient of PARP-1 (PARP-1–/–) and wild-type littermates were subjected to rectal instillation

of trinitrobenzene sulphonic acid (TNBS). Signs of inflammation were monitored for 14 days. In

wild-type mice, TNBS treatment resulted in colonic ulceration and marked apoptosis, which was

associated with decreased colon content of the antiapoptotic protein Bcl-2, whereas the proa-

poptotic Bax was unchanged. Elevated levels of plasma nitrate/nitrite, metabolites of nitric oxide

(NO), were also found. These inflammatory events were associated with activation of c-Jun-NH2

terminal kinase (JNK), phosphorylation of c-Jun and activation of the nuclear transcription

factor activator protein-1 (AP-1) in the colon. In contrast, PARP-1–/– mice exhibited a signi-

ficant reduction of colon damage and apoptosis, which was associated with increased colonic

expression of Bcl-2 and lower levels of plasma nitrate/nitrite when compared to wild-type mice.

Amelioration of colon damage was associated with a significant reduction of the activation of

JNK and reduction of the DNA binding of AP-1. The data indicate that PARP-1 exerts a

pathological role in colitis possibly by regulating the early stress-related transcriptional response

through a positive modulation of the AP-1 and JNK pathways.
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INTRODUCTION

In inflammatory bowel diseases (IBD), such as Crohn’s

disease and ulcerative colitis, alteration of epithelial func-
tion is associated with an aberrant production of reactive
oxygen and nitrogen species, which can promote structural

alteration of DNA.1–3 The role of oxidative DNA damage
has been emphasized as a major pathogenetic event in
eukaryotic cells through activation of the nuclear enzyme
poly(ADP-ribose) polymerase-1 (PARP-1). PARP-1 is a

chromatin-associated enzyme, which is activated by stran-
ded DNA nicks and breaks in damaged cells and it modifies

a wide variety of nuclear proteins through attachment of
poly(ADP-ribose) units.4 Excessive activation of PARP-1
depletes the cellular pools of NAD+, ATP, and other high-

energy phosphates leading to the loss of cell membrane
integrity and viability. On the contrary, inhibition of
poly(ADP-ribosyl)ation preserves the cellular energy pool,
thus preventing metabolic failure and providing cytopro-

tection.5,6 In previous in vivo studies we have demonstrated
that genetic ablation of PARP-1 ameliorates the patho-
physiological changes of experimental colitis.7 The hypo-

thesis that PARP-1 plays a detrimental role in the
development and persistence of tissue damage has been
further supported by several other studies reporting bene-

ficial effects of inhibitors of this nuclear polymerase in
experimental models of colitis.8–10
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During inflammation, oxidative and nitrosative stress
represents an important signal for the activation of c-Jun-
NH2-terminal kinase (JNK). This stress-regulated protein
relays signals from the oxidant extracellular stimuli to the

cell nucleus leading to the activation of the transcription
factor activator protein-1 (AP-1). Activation of AP-1
has been shown to results in adaptive modifications of

the damaged cells such as the expression of genes
for pro-inflammatory mediators and cellular death by
apoptosis.11

It has been suggested that apoptotic cell death may also
be controlled by the Bcl-2 family members. The Bcl-2
family of proteins includes both inhibitors, such as Bcl-2

itself, and inducers of apoptosis, such as Bax. The balance
between antiapoptotic and pro-apoptotic members has
been proposed to be critical to determining if a cell
undergoes to apoptosis.12,13

To provide insight into the mechanism, by which inhi-
bition of PARP-1 may afford protection in colon inflam-
mation, we have compared the signal transduction profile

of AP-1 of PARP-1-deficient (PARP-1–/–) and wild-type
mice subjected to hapten-induced colitis. Furthermore, we
determined the extent of apoptosis and we evaluated the

expression of Bcl-2 and Bax proteins in the colon. The
results indicate that PARP-1-induced changes of AP-1,
JNK and apoptotic modulators may contribute to the
intestinal derangement during inflammation.

MATERIALS AND METHODS

Animals

PARP-1–/– mice and their wild-type littermates PARP-1+/+

(129/SV · C57BL/6, 20–22 g) were housed in a room with
controlled temperature (22�) and 12-hr light/dark cycle. The

animals were food-fasted 24 hr before experimentation and
allowed food and water ad libitum after the induction of
colitis.

Induction of colitis
The investigation conformed to the Guide for the Care and

Use of Laboratory Animals published by US National
Institutes of Health (NIH Publication no. 85–23 revised
1996) and commenced with the approval of the Insti-

tutional Animal Care and Use Committee. Colitis was
induced by using a technique of hapten-induced colonic
inflammation as previously described.7 A 3.5F catheter was
inserted into the colon of fasted mice via the anus until

approximately the splenic flexure (4 cm from the anus).
2,4,6-Trinitrobenzene sulphonic acid (TNBS, 1 mg/mouse)
was dissolved in 50% ethanol (v/v) and injected (0Æ2 ml)

into the colon via the rubber cannula. Animals were then
kept in a vertical position for 30 s and returned to their
cages. In a group of mice, occurrence of diarrhoea and

survival was monitored for 14 days. In a second group,
mice were killed at 1, 3, 7 and 14 days after TNBS
administration and a segment of the colon 4 cm long was

excised for the evaluation of macroscopic damage. Tissue
segments 1 cm in length were then fixed in 10% buffered
formalin or immediately frozen in liquid nitrogen and

stored at )70� for the histological, immunohistochemical
and biochemical studies described below.

Evaluation of colonic damage
After removal, the colon was gently rinsed with saline
solution, opened by a longitudinal incision and immediately

examined under microscope. The visible colonic damage
was assessed by a semiquantitative scoring system.7 The
following morphological criteria were taken under consid-
eration: score 0, no damage; score 1, localized hyperaemia

without ulcers; score 2, linear ulcers, with no significant
inflammation; score 3, linear ulcers with inflammation at
one site; score 4, two or more major sites of ulceration and/

or inflammation; score 5, two or more sites of inflammation
and ulceration extending >1 cm along the length of the
colon; score 6–8, 1 point is added for each cm of ulceration

beyond an initial 2 cm. All measurements of damage were
performed by two observers blinded to the experimental
protocol.

Determination of apoptosis
Cell death by apoptosis in the inflamed colon was evaluated

by measurement of oligonucleosomal DNA fragments by a
histochemical TdT ‘Tunel’-like staining (TdT-FragEL kit,
Oncogene Research Products, Cambridge, MA). Briefly,

paraffin-embedded sections, after deparaffination, were
permeabilized with protease K (2 mg/ml) in 10 mm Tris
(pH 8) at room temperature for 20 min. Endogenous per-
oxidase was quenched with 3% H2O2 in methanol for

5 min. Sections were incubated with a reaction buffer
composed by biotin-dCTP and unlabeled dCTP and TdT
enzyme (terminal deoxynucleotidyl transferase) in a

humidified chamber at 37�. In this assay TdT binds to
exposed 3¢OH ends of DNA fragments and catalyses the
addition of biotin-labelled and unlabelled deoxynucleo-

tides. Biotinylated nucleotides were then detected using a
streptavidin–horseradish peroxidase conjugate and diam-
inobenzidine.14

Measurement of nitrite/nitrate production
Nitrite/nitrate production, an indicator of NO synthesis,

was measured in plasma samples as previously described.15

Nitrate in the plasma was reduced to nitrite by incubation
for 3 hr with nitrate reductase (670 mU/ml) and NADPH

(160 mm) at room temperature. Nitrite concentration in the
samples was then measured by the Griess reaction, by
adding 100 ll of Griess reagent (0Æ1% naphthalethylene-
diamine dihydrochloride in H2O and 1% sulphanilamide in

5% concentrated H3PO4; vol 1 : 1) to 100 ll samples. The
optical density at 550 nm (OD550) was measured using a
Spectramax 250 microplate reader (Molecular Devices,

Sunnyvale, CA). Nitrate concentrations were calculated by
comparison with OD550 of standard solutions of sodium
nitrate prepared in saline solution.

Subcellular fractionation and nuclear protein extraction
Tissue samples from colons were homogenized with a

Polytron homogenizer in a buffer containing 0Æ32 m sucrose,
10 mm tris-HCl, pH 7Æ4, 1 mm ethyleneglycoltetraacetic
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acid (EGTA), 2 mm ethylenediaminetetraacetic acid
(EDTA), 5 mm NaN3, 10 mm b-mercaptoethanol, 20 lm
leupeptin, 0Æ15 lm pepstatin A, 0Æ2 mm phenylmethyl-
sulphonyl fluoride (PMSF), 50 mm NaF, 1 mm sodium

orthovanadate, 0Æ4 nm microcystin. The homogenates were
centrifuged (1000 g, 10 min) and the supernatant (cytosol
+ membrane extract) was collected to evaluate contents of

Bax, Bcl-2 and inducible nitric oxide synthase (iNOS). The
pellets were solubilized in Triton buffer (1% Triton-X-100,
150 mm NaCl, 10 mm Tris-HCl, pH 7Æ4, 1 mm EGTA,

1 mm EDTA, 0Æ2 mm sodium orthovanadate, 20 lm leu-
peptin A, 0Æ2 mm PMSF). The lysates were centrifuged
(15 000 g, 30 min, 4�), and the supernatant (nuclear

extract) was collected to evaluate the content of phos-
phorylated c-Jun, and activity of JNK and AP-1.

Electrophoretic mobility shift assay
Electrophoretic mobility shift assays were performed as
previously described.16 An oligonucleotide probe corres-

ponding to AP-1 consensus sequence (5¢-CGC TTG ATG
ACT CAG CCG GAA-3¢) was labelled with c-[32P]ATP
using T4 polynucleotide kinase and purified in Bio-Spin
chromatography columns (Bio-Rad, Hercules, CA). Ten lg
of nuclear protein were preincubated with EMSA buffer
(12 mm HEPES pH 7Æ9, 4 mm Tris-HCl pH 7Æ9, 25 mm

KCl, 5 mm MgCl2, 1 mm EDTA, 1 mm dithiothreitol,

50 ng/ml poly [d(I-C)], 12% glycerol v/v, and 0Æ2 mm

PMSF) on ice for 10 min before addition of the radio-
labelled oligonucleotide for an additional 10 min. Excess of

unlabelled oligonucleotide was added in some samples for
competition to verify the specificity of AP-1 binding (data
not shown). Protein–nucleic acid complexes were resolved

using a non-denaturing polyacrylamide gel consisting of
5% acrylamide (29 : 1 ratio of acrylamide : bisacrylamide)
and run in 0Æ5· TBE (45 mm Tris-HCl, 45 mm boric acid,
1 mm EDTA) for 1 hr at constant current (30 mA). Gels

were transferred to Whatman 3M paper, dried under a
vacuum at 80� for 1 hr, and exposed to photographic film
at )70� with an intensifying screen. Densitometric analysis

was performed using ImageQuant (Molecular Dynamics,
Sunnyvale, CA).

Assay of JNK activity
JNK activity was determined by immune complex kinase
assay and was estimated as the ability to phosphorylate

glutathione-S-transferase (GST)-c-Jun. 16 Tissue samples
were homogenized with a Polytron homogenizer in a buffer
containing 0Æ32 m sucrose, 10 mm Tris-HCl, pH 7Æ4, 1 mm

EGTA, 2 mm EDTA, 5 mm NaN3, 10 mm b-mercapto-
ethanol, 20 lm leupeptin, 0Æ15 lm pepstatin A, 0Æ2 mm

PMSF, 50 mm NaF, 1 mm sodium orthovanadate, 0Æ4 nm
microcystin. The homogenates were centrifuged (1000 g,

10 min) and the pellets were solubilized in Triton buffer
(1% Triton-X-100, 150 mm NaCl, 10 mm Tris-HCl,
pH 7Æ4, 1 mm EGTA, 1 mm EDTA, 0Æ2 mm sodium

orthovanadate, 20 lm leupeptin A, 0Æ2 mm PMSF). The
lysates were centrifuged (15 000 g, 30 min, 4�), and the
supernatant (nuclear extract) was collected. After immuno-

precipitation of proteins (500 lg) with specific antibody

directed to JNK1, the immunoprecipitate was incubated for
30 min at 30� in 40 ll of reaction buffer containing 25 mm

HEPES (pH 7Æ6), 20 mmMgCl2, 20 mm glycerolphosphate,
0Æ1 mm sodium orthovanadate, 2 mm dithiothreitol, 25 lm
ATP, and 5 lCi of [c-32P]ATP. GST-c-Jun(1–79) (4 lg) was
used as substrate. Reaction products were separated by
sodium dodecyl sulphate (SDS)–polyacrylamide gel elec-

trophoresis and visualized by autoradiography. Densito-
metric analysis was performed using ImageQuant.

Immunohistochemical staining for phosphorylated JNK
Expression of phosporylated JNK was detected in colonic
sections by immunohistochemistry.16 Frozen sections 5 lm
thick were fixed in 4% paraformaldehyde and incubated for
2 hr with a blocking solution (0Æ1 m phosphate buffered
saline containing 0Æ1% Triton-X-100 and 2% normal goat

serum) in order to minimize non-specific adsorption. Sec-
tions were then incubated overnight with 1 : 1000 dilution
of primary anti-JNK1 antibody or with control solutions.

Controls included buffer alone or non-specific purified
rabbit immunoglobulin G (IgG) to rule out any non-specific
binding. Specific labelling was detected by incubating for
30 min with a biotin-conjugated goat anti-rabbit IgG and

amplified with avidin–biotin peroxidase complex (Vecta-
stain Elite ABC kit, Vector Laboratories, Burlingame, CA)
after quenching endogenous peroxidase with 0Æ3% H2O2 in

100% methanol for 15 min. Diaminobenzidine was used as
a chromogen.

Western blot analyses
Cytosol expression of Bax, Bcl-2 and iNOS, and nuclear
expression of phosphorylated c-Jun were determined by

immunoblot analyses. Cytosol and nuclear extracts were
boiled in loading buffer (125 mm Tris-HCl, pH 6Æ8, 4%
SDS, 20% glycerol, and 10% 2-mercaptoethanol) and

50 lg of protein were loaded per lane on an 8–16% Tris–
glycine gradient gel. Proteins were separated electropho-
retically and transferred to nitrocellulose membranes. For

immunoblotting, membranes were blocked with 5% non-
fat dried milk in Tris-buffered saline (TBS) for 1 hr and
then incubated with primary antibodies against Bax, Bcl-2,
iNOS, or phosphorylated c-Jun for 1 hr. The membrane

were washed in TBS with 0Æ1% Tween 20 and incubated
with secondary peroxidase-conjugated antibody. Immuno-
reaction was visualized by chemiluminescence. Densito-

metric analysis of blots was performed using ImageQuant.

Materials

The primary antibodies directed at Bcl-2, Bax, JNK1, iNOS
and the oligonucleotide probe for AP-1 consensus were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA). The primary antibody directed at c-Jun phosphoryl-
ated at serine 63 and 73 was obtained from New England
Biolabs, Inc. (Beverly, MA). All other chemicals were from

Sigma/Aldrich (St. Louis, MO).

Data analysis

All values in the figures and text are expressed as mean ±
standard error of the mean (SEM) of n observations, where
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n represents the number of mice (n ¼ 4–12 animals for
each group). Data sets were examined by one- and two-way
analysis of variance followed by Bonferroni’s correction
post hoc t-test. Statistical analysis of scores was performed

using the Mann–Whitney U-test. A P-value less than 0Æ05
was considered significant.

RESULTS

Genetic deficiency of PARP-1 reduces severity of colitis

and epithelial apoptosis in inflamed colon

Wild-type mice exhibited serious bloody diarrhoea as early

as 1 day after administration of TNBS. Macroscopic eval-
uation of the distal colon and rectum after TNBS treatment
revealed the presence of mucosal oedema and haemorrhagic
ulcerations up to 7–14 days. In contrast, PARP-1–/– mice

appeared healthy and exhibited a very mild diarrhoea. The
mucosal surface of the colon and rectum showed localized
erythema and oedema up to 3–7 days and no damage at

14 days (see Fig. 1 for damage score). This result is con-
sistent with our previous findings showing a faster resolu-
tion of colonic damage in the absence of the polymerase

enzyme.7 To test whether tissue damage was associated with
cell death by apoptosis, we measured oligonucleosomal
DNA fragmentation in inflamed colon (Fig. 2). Almost no

apoptotic cells were detectable in colon of control mice (i.e.
not subjected to TNBS administration). At 1 and 3 days
after TNBS administration, tissues obtained from wild-type
mice demonstrated a marked appearance of dark brown

apoptotic cells and intercellular apoptotic fragments mostly
localized in the deranged epithelium and in infiltrated
inflammatory cells. At 7 and 14 days, apoptosis persisted

mainly in the healing epithelium. In contrast, tissues
obtained from PARP-1–/– mice demonstrated a small
number of apoptotic cells or fragments organized at the

surface of the epithelial mucosa at 1 and 3 days after TNBS
administration. At 7 and 14 days apoptosis persisted in
some infiltrated inflammatory cells in the restored colonic
architecture (Fig. 2).
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Figure 1. Damage score in PARP-1+/+ and PARP-1–/– mice after

TNBS intracolonic administration. Each data point is the mean ±

SEM of 6–12 animals for each group. * P < 0Æ05 versus wild-type

(PARP-1+/+) mice.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 2. Effect of genetic deficiency of PARP-1 on time course of

changes in colonic apoptosis after TNBS administration. Repre-

sentative colonic sections from a wild-type sham (a) or PARP-1–/–

(f) mouse showed negative staining (day 0). In wild-type mice, at

day 1 (b), 3 (c) and 7 (d) after TNBS administration a brown

staining revealed the presence of apoptosis in the epithelium and

infiltrated inflammatory cells. At day 14 (e) apoptotic epithelial

cells were still present in the healing mucosa. Epithelial apoptosis

staining was reduced in PARP-1–/– at day 1 (g), 3 (h) and 7 (i); at

day 14 (j) apoptosis staining was observed in some infiltrated

inflammatory cells. Magnification ·100.
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Genetic deficiency of PARP-1 reduces iNOS expression

and NO production

Production of NO from iNOS during colitis has been sug-
gested to contribute significantly to tissue damage.15,17,18

Therefore, we next determined NO production and colonic

expression of iNOS. In wild-type mice, an early increase of
colonic expression of iNOS (Fig. 3a) was associated with
elevated plasma levels of nitrite/nitrate, stable metabolites
of NO (Fig. 3b), at 1 and 3 days after TNBS administration

and declined thereafter. In PARP-1–/– mice colonic
expression of iNOS and plasma levels of nitrite/nitrate were
markedly reduced (Fig. 3).

Genetic deficiency of PARP-1 alters the ratio between

Bcl-2 and Bax

Since apoptosis is regulated at the expression of anti-
apoptotic proteins, such as Bcl-2, and pro-apoptotic

proteins, such as Bax12,13 we next investigated colonic
expression of Bcl-2 and Bax by Western blotting. The
antiapoptotic protein Bcl-2 diminished as early as 1 and

3 days after TNBS administration in colons of wild-type
mice, further declining thereafter. In PARP-1–/– mice
expression of Bcl-2 exhibited a similar early decrease 1

and 3 days after TNBS administration; however, the
expression of the antiapoptotic protein was significantly
increased at 7 and 14 days when compared to wild-

type mice (Fig. 4). Expression of the pro-apoptotic Bax
remained unchanged after TNBS administration in mice of
both genotypes (Fig. 4).

Genetic deficiency of PARP-1 reduces activation

of AP-1 pathway

As activation of AP-1 has been implicated in inflammatory

conditions and apoptosis11 we determined the nuclear
activation of this factor. In wild-type mice DNA binding of
AP-1 increased as early as 1–3 days after TNBS adminis-

tration and declined thereafter. However, in PARP-1–/–

mice the degree of activation AP-1 was significantly reduced
when compared to wild-type mice (Fig. 5). Since the
activity of AP-1 may be regulated at the availability of its

subunits11 we determined the expression of phosphorylated
c-Jun in nuclear extracts by Western blotting. The content
of c-Jun, with phosphorylated sites at serine 63 and 73,

increased in a biphasic manner with maximum expression
at 1 and 14 days after TNBS administration in wild-type
mice. In contrast, PARP-1–/– mice exhibited lower content

of phosphorylated c-Jun in comparison to wild-type mice,
thus suggesting that PARP-1 activation is required for the
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Figure 3. Effect of genetic deficiency of PARP-1 onNO production.

(a) Representative Western blot analysis for iNOS. (b) Plasma levels

of nitrite/nitrate. Each data point represents the mean ± SEM of

four to six animals for each group. *P < 0Æ05 versus day 0 of the

same genotype; #P < 0Æ05 versus wild-type (PARP-1+/+) mice.
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Figure 4. Effect of genetic deficiency of PARP-1 on cytosol expression of Bcl-2 and Bax in the colon. (a) Representative

Western blot analysis for Bcl-2 and Bax. (b) Image analysis of Bcl-2 and Bax content determined by densitometry. Fold

increase was calculated versus respective sham value (time 0) set to 1Æ0. *P < 0Æ05 versus wild-type (PARP-1+/+) mice.
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phosphorylation of this subunit (Fig. 6). Since phosphory-
lation of c-Jun is mediated by JNK11 we further determined

the cellular localization and the nuclear activity of JNK.
A time course analysis showed that JNK activity steadily
increased after TNBS administration in wild-type mice

(Fig. 7). Expression of the active phosphorylated form of
JNK, evaluated by immunoreaction, was observed in

epithelial cells of the mucosal brush in colonic sections from
control wild-type and PARP-1–/– mice at day 0 (Fig. 8).
However, in the area of ulcer formation in colonic sections

from TNBS-treated wild-type mice, a marked positive
immunostaining staining for the phosphorylated JNK was
found mainly localized throughout the disrupted epithe-
lium, whereas a weak or no staining was found in infiltrated

inflammatory cells (Fig. 8). The degree of staining in the
epithelium steadily increased in a time-dependent manner
and well paralleled the increased phosphorylative catalytic

activity as evaluated by the ‘in gel’ kinase assay (Fig. 7). In
PARP-1–/– mice the expression and degree of activity of
JNK was significantly reduced in comparison with wild-

type mice (Figs 7 and 8).

DISCUSSION

It has been previously reported that genetic deficiency or

pharmacological inhibition of PARP-1 confers resistance to
colitis in rodents.7–9 The present study further demonstrates
that deficiency of PARP-1 affords beneficial effects and that

amelioration of damage is associated with reduction of
apoptotic cell death. Furthermore, to our knowledge these
are the first data demonstrating that the signal transduction

pathway of AP-1 is activated during colitis and is regulated
by PARP-1.

A hallmark of the pathophysiology of IBD is an

exaggerated release of oxygen and nitrogen reactive spe-
cies15,17–19 and an overproduction of pro-inflammatory
mediators20 which are eventually responsible for cell dys-
function and death. A variety of these proinflammatory
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Figure 6. Nuclear content of phosphorylated c-Jun as deter-

mined by Western blot analyses in wild-type (PARP-1+/+) and

PARP-1–/– mice. Immunoreactive c-Jun was detected with a specific

antibody against c-Jun phosphorylated at serine 63 and 73.
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Figure 5. Effect of genetic deficiency of PARP-1 on the activation

of AP-1 in the colon. (a) Representative autoradiograph of elec-

trophoretic mobility shift assay for AP-1. (b) Image analysis of

activation of AP-1 determined by densitometry from the auto-

radiograph. Results are representative of three separate time-course

experiments. Fold increase was calculated versus respective sham
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NS ¼ non-specific binding; FP ¼ free probe.

Days

GST-
c-Jun

PARP-1+/+(a)

(b)

PARP-1–/–

PARP-1–/–

PARP-1+/+

*

*

*

#

##

0
0

0·5

1·5

2·5

2

1

1 3 7 14
Days after TNBS administration

JN
K

 a
ct

iv
ity

 (
re

la
tiv

e 
in

te
ns

ity
)

0 1 3 7 14 0 1 3 7 14

Figure 7. Effect of genetic deficiency of PARP-1 on the activity of

JNK in the colon. (a) Representative autoradiograph of analysis

for JNK activity. (b) Image analyses of JNK activity determined by

densitometry. Fold increase was calculated versus respective sham

value (time 0) set to 1Æ0. Results are representative of three separate

time-course experiments. *P < 0Æ05 versus day 0 of the same

genotype; #P < 0Æ05 versus wild-type (PARP-1+/+) mice.
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genes (i.e. cytokines and adhesion molecules) are regulated

at the transcription level by AP-1.11 Several reports have
documented a role for AP-1 activation in intestinal inflam-
mation. Gonsky and colleagues21 have demonstrated that
activation of lamina propria T cells from normal, ulcerative

colitis, or Crohn’s disease mucosa through the CD2 path-
way leads to induction of AP-1 complexes that bind to the
interleukin-2 promoter. Transcriptional activation of AP-1

is enhanced in immunostimulated human colonic epithelial
cells.22 In addition, we have previously demonstrated that
AP-1 DNA binding is increased during inflammation of

small bowel induced by vascular impairment in IL-10 defi-
cient mice (experimental animals prone to develop IBD).16

In our experimental model of colitis, we found that DNA
binding activity of AP-1 is increased after TNBS adminis-
tration. The increase in AP-1 DNA binding occurred at an
earlier stage (i.e. 1–3 days after TNBS administration)

and correlated with the severity of inflammation, while it
declined at the initiation of the healing process.

AP-1 activity is regulated at two major levels: the

abundance and stability of the AP-1 dimer components.
The abundance of AP-1 proteins is regulated at the tran-
scriptional level of the respective genes of its subunits such

as c-Jun, c-Fos or activating transcription factors. In
addition, the stability of c-Jun subunit can be modulated
through phosphorylation on serine 63 and 73 by JNK.11

When examined at a more molecular level, the reduction of
AP-1 activity observed in PARP-1–/– mice appears to be a
downstream event of a reduced activity of JNK and, con-
sequently of a reduced availability of c-Jun. Interestingly,

the kinetics of JNK activation did not match the earlier
activation of AP-1 and the biphasic occurrence of phos-
porylated c-Jun, as the enzyme activity steadily increased

up to 14 days after TNBS administration in wild-type mice.
These results suggest that JNK may also participate in the
inflammatory process of colitis independently of its tran-

scriptional effects on AP-1 and/or c-Jun phosporylation. In
this regard, JNK activation has been proposed to be a
proapoptotic event through direct phosphorylation of
mitochondrial proteins, including Bcl-2 family members.23

Therefore, it is possible that the elevated and steady activity
of JNK may be required for the activation of different
signalling cascades, including apoptotic pathways at dif-

ferent stages of the inflammatory process and may differ
from the temporal changes of c-Jun phosphorylation and/
or AP-1 activation. Interestingly, in our study localization

of phosphorylated JNK was predominant in disrupted
epithelial cells, but not in inflammatory cells in wild-type
mice. Although JNK and other stress-activated kinases are

activated in macrophages and neutrophils during colitis24

enhanced expression and activation of JNK has also been
observed in epithelial cells under inflammatory condi-
tions.16,22 In a recent study enhanced activation of JNK has

been observed predominantly in epithelial cells of inflamed
mucosal biopsies of steroid-resistant patients with IBD and
has been suggested to interfere with the anti-inflammatory

effects of steroids. On the contrary, in steroid-sensitive
patients, activation of p38, and JNK, along with nuclear
factor-jB (NF-jB), AP-1, was mainly found in lamina

propria macrophages and neutrophils.25 Therefore, it is
possible that differential localization of JNK in epithelial or
inflammatory cells may confer variability in susceptibility,
resistance, immunological response and clinical course

among different species of animals and patients. Never-
theless, our study demonstrates that PARP-1 is a requisite
for a complete activation of the phosphorylative activity of

this kinase in colitis. Similarly to these findings, we have
also demonstrated that selective inhibitors of PARP-1 sig-
nificantly decreased colon damage and cell apoptosis in a

rat model of colitis. These protective effects were associated
with inhibition of DNA binding of the transcription factors
AP-1 and NF-jB in the inflamed colon.26

(a)

(b)

(c)

(d) (h)

(g)

(f)

(e)

Figure 8. Effect of genetic deficiency of PARP-1 on colonic

expression of phosphorylated JNK after TNBS administration as

evaluated by immunohistochemistry. Representative colonic sec-

tions from a wild-type sham (a) or PARP-1–/– (f) mouse showed

positive staining (day 0) in epithelial cells of the mucosal surface. In

wild-type mice, at day 1 (b), and 7 (c) after TNBS administration

an intense brown staining revealed the increased expression of

phosphorylated JNK in the deranged epithelium, but not in infil-

trated inflammatory cells. At day 14 (d) a marked epithelial

staining was still present in the healing mucosa. Epithelial staining

of phosphorylated JNK was reduced in PARP-1–/– at day 1 (e), 7 (f)

and 14 (g). Magnification ·400.
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Our findings are in line with other reports demonstrating
a role of poly(ADP-ribosyl)ation in signal transduction. It
has been proposed that PARP-1 activation also plays a
critical role in the regulation of transcription, possibly by

participating in the repair of DNA strands breaks or by
catalysing the poly(ADP-ribosyl)ation of transcription
factors or post-translation proteins.27 For example, PARP-

deficient cells are defective in NF-jB-dependent transcrip-
tional activation and show a down-regulation of iNOS after
genotoxic stress.28,29 We have also demonstrated that AP-1

DNA binding is completely abolished in PARP-1-deficient
murine fibroblasts, most probably secondary to alterations
of the AP-1 dimer phosphorylation.30 Similarly to our

findings, Ha and collegueas31 have recently demonstrated
that PARP-1-deficient glial cells lack their ability to induce
AP-1 after endotoxin or cytokine challenge.

The reduction of the activation of the AP-1 pathway in

PARP-1–/– may also explain the reduction of neutrophil
recruitment into the site of inflammation. Accordingly, in
our previous study we have demonstrated that in experi-

mental colitis genetic ablation of PARP-1 completely
abolished intercellular adhesion molecule-1 expression7

whose transcription is also dependent on AP-1 activation.30

In the current study, PARP-1 deficiency also abolished the
colonic expression of iNOS and attenuated the increase in
plasma NO metabolites. Our data are in agreement with
previous findings demonstrating that abrogation of PARP

activity leads to down-regulation of iNOS expression, most
probably to alteration of transcription.32,33

The role of apoptotic cell death in the inflamed intestine

has not yet been completely defined. In ulcerative colitis
frequency of apoptosis is considerably increased34 and loss
of epithelial cells appears to occur mainly by apoptosis.35

These findings have suggested that epithelial apoptosis may
lead to a breakdown of the epithelial barrier function faci-
litating the invasion of pathogenic micro-organisms. On the

other hand, cell death by apoptosis regulates the lymphocyte
population and may terminate immune response at the
inflammatory site. It has been proposed that an enhanced
T-cell resistance against apoptosis may contribute to disease

perpetuation and mucosal immune dysregulation in patients
with Crohn’s disease.36 T cells isolated from areas of
inflammation in Crohn’s disease and ulcerative colitis

manifest decreased CD2 pathway-induced apoptosis.37 The
resistance of T cells to apoptosis appears to be associated
with a higher ratio of Bcl-2 to Bax.38 In our study, the

amelioration of colon architecture observed in PARP-1–/–

mice was associated with reduction of epithelial apoptotic
death. The family of Bcl-2-related proteins constitutes the
most relevant class of apoptotic regulators and, more spe-

cifically, the ratio of anti or proapoptotic proteins deter-
mines whether the cell will survive or die.12,13 An important
observation of our study was that the expression of Bcl-2

was higher in PARP-1–/– mice when compared to wild-type
mice, well paralleling the earlier repair of mucosal lesions.
These data are in agreement with our recent observations

that PARP-1 may regulate apoptotic regulators at the gen-
etic level.39 However, the time-course of apoptotic cell death
showed differences between wild-type and PARP-1–/– mice

already at day 1, not paralleling the later changes in Bcl-2,
NO production and JNK activity, thus suggesting that
earlier changes in apoptosis may be regulated by other
underlying signalling events. For example, many studies

have shown that Fas/FasL is an important pathway of epi-
thelial cell apoptosis in IBD. Fas, also named Apo-1 or
CD95, has comprehensive expressions in normal colonic

epithelium and can bind anti-Fas antibody or FasL to
change the constitution of cell surface, leading to apoptosis
of cells that express Fas.40 It has been demonstrated that

high expression of FasL in patients with ulcerative colitis
would accelerate migration and activity of neutrophils and
lymphocytes and could cause apoptosis of epithelial cells

expressing Fas.34,35,41 Furthermore, the expression of Fas
and FasL, along with other proapoptotic proteins Bax and
p53 has been shown to dramatically increase in rat model of
chemical-induced colitis.42 Therefore, it is possible that al-

tered regulation of other proapoptotic proteins may be dif-
ferent according to the stage of colonic injury. The changes
in AP-1 and JNK activation and Bcl-2 expression may

parallel later period of inflammation and the initiation of the
healing process. Whether prolonged activation of JNK and
epithelial apoptosis may also maintain the inflammatory

process of chronic colitis needs further investigation.
In summary, our data demonstrated that in colitis epi-

thelial apoptosis is due to imbalance between antiapoptotic
and pro-apoptotic factors. In this regard, inhibition of

PARP-1 may reduce ideal triggers for the apoptotic process
by shifting the ratio of apoptotic regulators towards Bcl-2
along with reduction of JNK activity and the AP-1-

dependent pro-inflammatory mediators. Thus, our data
further support that specific targeting of PARP-1 pathway
may be a new therapeutic approach to treat IBD.
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