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Abstract

Poly (ADP-ribose) polymerase (PARP), a nuclear enzyme activated by strand breaks in DNA, plays an important role in the tissue injury
associated with ischaemia—reperfusion injury and inflammation. The aim of the present study was to evaluate the effects of a novel and
potent inhibitor of PARP activity on neutrophil recruitment in the acute inflammation induced by zymosan-activated plasma. Intra-
thoracic administration of zymosan-activated plasma leads to an increase in neutrophil infiltration of the lung at 24 hr. The potent PARP
inhibitor 5-aminoisoquinolinone (5-AIQ) reduced the degree of lung injury and attenuated the expression of P-selectin and ICAM-1 as
well as the recruitment of neutrophils into the injured lung. The up-regulation/expression of P-selectin and ICAM-1 in human endothelial
cells exposed to oxidative stress (peroxynitrite) or to a pro-inflammatory cytokine (tumor necrosis factor o, TNFo) was also attenuated by
5-AIQ. These findings provide the first evidence that the activation of PARS participates in neutrophil-mediated lung injury by regulating
the expression of P-selectin and ICAM-1. © 2002 Elsevier Science Inc. All rights reserved.

Keywords: 5-Aminoisoquinolinone; Pleurisy; Oxygen radicals; Poly (ADP-ribose) synthetase; Zymosan-activated plasma; Complement

1. Introduction

Acute inflammation is characterized by the immediate
infiltration of a specific site or lesion with polymorpho-
nuclear neutrophils (PMNs), followed by monocytes and
finally lymphocytes. In the last few years, we have gained
substantial insight into the importance of specific adhesion
molecules and mediators in the following processes which
finally result in the recruitment of PMNss at a specific site of
inflammation: (1) margination, capture and rolling on the
vascular endothelium; (2) activation and firm adhesion; (3)
diapedesis through gaps between endothelial cells in post-
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capillary venules and (4) finally migration along a gradient
of chemokines. Activated PMNs, therefore, play a crucial
role in the destruction of foreign antigens and the break-
down and remodeling of injured tissue. The inflammatory
process is associated with the formation of many mediators
including prostaglandins, leukotrienes, histamine, brady-
kinin, platelet-activating factor (PAF) and the pro-inflam-
matory cytokines including interleukin-1 (IL-1), IL-8 and
TNFo, to name but a few [1-6]. Leukocyte—endothelial
interactions involve a complex interplay among adhesion
glycoproteins (i.e. integrins, members of the immunoglo-
bulin superfamily and selectins). One member of the
selectin family, P-selectin, is rapidly translocated from
the Weibel-Palade bodies to the endothelial cell surface
upon activation of endothelial cells with thrombin, hista-
mine, hypoxia-reoxygenation, or oxygen-derived free radi-
cals [7,8]. P-selectin promotes rolling of leukocytes on the
endothelium. The rolling of leukocytes is the first step in
the interactions of leukocytes with the endothelium and
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facilitates the activation and adherence of PMNs [7,9]. The
firm adhesion of PMNs to the endothelium, however, is a
complex phenomenon, which also involves other endothe-
lium-based adhesion molecules. In fact, endothelial adhe-
sion molecules are considered to play a pivotal role in the
localization and development of an inflammatory reaction
[10]. Intercellular adhesion molecules (ICAM-1) is an
adhesion molecule normally expressed at a low basal level,
but its expression can be enhanced by various inflamma-
tory mediators such as IL-1 and TNFa [11]. One possible
pathway of oxidant-induced injury involves the nuclear
enzyme PARP. Activation of PARP is triggered by single
strand breaks in DNA and subsequently catalyses the
transfer of ADP-ribose moieties from NAD™ to various
nuclear proteins including histones and PARP (automodi-
fication domain) itself [12]. Continuous or excessive acti-
vation of PARP produces extended chains of ADP-ribose
on nuclear proteins and results in a substantial depletion of
intracellular NAD" and subsequently ATP, which may
ultimately cause cell death [13-16]. Radicals including
superoxide anions, hydrogen peroxide or hydroxyl radicals
cause strand breaks in DNA, activation of PARP and
depletion of NAD" and ATP in cultured [14-16]. Produc-
tion of reactive oxidants such as hydrogen peroxide, super-
oxide and hydroxyl radical at site of inflammation
contributes of tissue damage [17-21], strand breaks in
DNA [22] and ultimately PARP activation. Inhibitors of
PARP activity including 3-aminobenzamide (3-AB) reduce
the development of acute [23] and chronic inflammation
[24]. However, 3-AB is a weak inhibitor of PARP activity
that does not readily cross cell membranes [25,26].
Although, 1,5-dihydroxyisoquinoline and 3,4-dihydro-5-
[4-(piperidin-1-yl)butoxy]-iso-quinolin-1(2H)-one (DPQ)
are more potent inhibitors of PARP activity, these agents
have to be dissolved in dimethylsulfoxide (DMSO).
DMSO itself is a potent scavenger of hydroxyl radicals
and inhibits PARP activity. Thus, there is still a great need
for the development of potent, water-soluble inhibitors of
PARP activity. We have recently reported on a novel route
for the synthesis of 5-aminoisoquinoline (5-AIQ) and
demonstrated that this compound is a water-soluble, potent
inhibitor of PARP activity in human cells [27]. In this
study, we report that 5-AIQ reduces the up-regulation
expression of P-selectin and ICAM-1 on human endothe-
lial cells and diminishes the neutrophil infiltration into the
injured lung. The present data demonstrated a novel
mechanism whereby PARP inhibition exerts beneficial
effects in acute inflammation.

2. Materials and methods

2.1. Animals

Male BALB/c mice (20-22 g; Charles River, Milan,
Italy) were housed in a controlled environment and

provided with standard rodent chow and water. Animal
care was in compliance with Italian regulations on protec-
tion of animals used for experimental and other scientific
purposes (D.M. 116192) as well as with the EEC regula-
tions (O.J. of E.C. L 358/1 12/18/1986).

2.2. Preparation of zymosan-activated plasma (ZAP)

Z AP was used as a source of the neutrophil chemotactic
factor C5a des-Arg [28]. ZAP was prepared by incubating
heparinized (100 IU/mL) plasma obtained from naive rats
with zymosan (50 mg/mL) for 1 hr at 37°. Zymosan was
then removed by centrifugation (15 min at 3000 rpm).
Activated plasma was stored in aliquots at —20°.

2.3. Pleurisy

Pleurisy was induced as described by Henriques et al.
[29], whereby an adapted needle was inserted into the right
side of the thoracic cavity of naive animals to enable the
intra-thoracic administration of ZAP (50 pL. of a 30%
solution). Animals were sacrificed by CO, inhalation
24 hr after the stimulation, and their thoracic cavities were
opened and flushed with 1 mL of heparinized RPMI-1640
(20 IU/mL). The amount of exudate was calculated by
subtracting the volume injected (1 mL) from the total
volume recovered. The total leukocytes counts were per-
formed in a Burker’s chamber after vital Trypan Blue
staining.

2.4. Experimental groups

In the treated group of animals, 5-AIQ (3 mg/kg) was
given as an intraperitoneal (i.p.) bolus 1 and 6 hr after ZAP
(ZAP + 5-AIQ group). In the vehicle-treated group of
mice, vehicle (saline) was given instead of 5-AIQ (ZAP
group). In separate groups, surgery was performed identi-
cally in every aspect to the one in the ZAP group, except
that plasma, which had not been activated with zymosan,
was injected instead of ZAP (Sham group; Sham). In an
additional group of animals, Sham surgery was combined
with the administration of 5-AIQ (dose) (Sham + ZAP).

2.5. Measurement of cytokines

TNFa and IL-1p levels were evaluated in the exudate at
24 hr after the induction of pleurisy by ZAP injection. The
assay was carried out by using a colorimetric, commercial
ELISA kit (Calbiochem-Novabiochem Corporation,
USA).

2.6. Histological examination
Lung biopsies were taken at 24 hr after injection of ZAP.

The biopsies were fixed for 1 week in buffered formalde-
hyde solution (10% in PBS) at room temperature, dehy-
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drated with graded ethanol and embedded in Paraplast
(Sherwood Medical, Mahwah, NJ). Tissue sections (thick-
ness, 7 um) were deparaffinized with xylene, stained with
trichromic Van Gieson and studied by light microscopy
(Dialux 22 Leitz).

2.7. Immunohistochemical localization of ICAM-1,
P-selectin and PARP

Immunohistochemical staining was performed on 7 pm
thick sections of unfixed mice lung. Sections were cut in
with a Slee and London cryostat at —30°, transferred onto
clean glass slides and dried overnight at room temperature.
Sections were permeabilized with acetone at —20° for
10 min and rehydrated in phosphate buffered saline
(PBS) (150 mM NaCl, 20 mM sodium phosphate pH
7.2) at room temperature for 45 min. Sections were incu-
bated overnight with (1) monoclonal biotinylated antibo-
dies directed at P-selectin (rat anti-mouse CD62P) or
ICAM-1 (hamster anti-mouse CD54) at a dilution 1:500
in PBS (v/v) or (2) with anti-poly (ADP-ribose) mono-
clonal antibody (1:500 in PBS (v/v)). Sections were
washed with PBS, and incubated with secondary antibody
for 2 hr at room temperature. Specific labeling was
detected with a avidin—biotin peroxidase complex.

2.8. Measurement of lung-tissue myeloperoxidase
activity and malondialdehyde

Myeloperoxidase (MPO) activity, a haemoprotein
located in azurophil granules of neutrophils, has been used
as a biochemical marker for neutrophil infiltration into
tissues [30]. In the present study, MPO was measured
photometrically by a method similar to that described
previously [31]. At4 hr following the intrapleural injection
of ZAP, lung tissues were obtained and weighed. Each
piece of tissue was homogenized in a solution containing
0.5% (w/v) hexa-decyl-trimethyl-ammonium bromide dis-
solved in 10 mM potassium phosphate buffer (pH 7) and
centrifuged for 30 min at 20,000 g at 4°. An aliquot of the
supernatant was then allowed to react with a solution of
tetramethylbenzidine (1.6 mM) and 0.1 mM H,O,. The
rate of change in absorbance was measured spectrophoto-
metrically at 650 nm. MPO activity was defined as
the quantity of enzyme degrading 1 pmol of peroxide
per minute at 37° and was expressed in milliunits per
100 mg weight of wet tissue. Malondialdehyde (MDA)
levels in the lung tissue were determined as an indicator of
lipid peroxidation [32]. Lung tissues, collected at the
specified time, were homogenized in 1.15% (w/v) KCl
solution. An aliquot (100 pL) of the homogenate was
added to a reaction mixture containing 200 pL of 8.1%
(wlv viv) SDS, 1500 pL of 20% (v/v) acetic acid (pH 3.5),
1500 pL. of 0.8% (w/v) thiobarbituric acid and 700 pL.
distilled water. Samples were then boiled for 1 hr at 95°
and centrifuged at 3000 g for 10 min. The absorbance of

the supernatant was measured by spectrophotometry at
650 nm.

2.9. Cell culture

Human umbilical vein endothelial cells (BioWhittaker)
were cultured in endothelial growth medium Bullet Kit
w/2% FBS (BioWhittaker). Cells were cultured in 96-
well plates (200 pL. medium per well) or in 12-well plates
(3 pL medium per well) until 90% confluence. Cells were
exposed to peroxynitrite (100 pmol/L) or TNFa (100 unit/
mL) the presence or absence of the PARP inhibitor 5-AIQ
(0.003—-1 mM).

2.10. Measurement of cell viability

Cell energetic status was assessed by measuring the
mitochondrial-dependent reduction of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
to formazan [20]. Cells in 96-well plates were incubated
at 37° with MTT (0.2 mg/mL) for 1 hr. Culture medium
was removed by aspiration and the cells were dissolved in
DMSO (100 puL). The extent of reduction of MTT to
formazan within cells was quantified by the measurement
of oDs50. As previously discussed [20], the measurement of
reduction of MTT appears to be mainly by the mitochon-
drial complexes I and II, but may also involve NADH- and
NADPH-dependent energetic processes that occur outside
the mitochondrial inner membrane. Thus, this method
cannot be used to separate the effect of free radicals,
oxidants or other factors on the individual enzymes in
the mitochondrial respiratory chain, but is useful to moni-
tor changes in the general energetic status of the cells.

2.11. Measurement of cellular NAD™ levels in
pleural macrophages

We measured NAD" levels as a mean to indirectly
evaluate PARP activation as previously done by others
[15,22,33]. Cells in 12-well plates were extracted in
0.25 mL of 0.5 N HCIO, scraped, neutralized with 3 M
KOH, and centrifuged for 2 min at 10,000 g. The super-
natant was assayed for NAD™ using a modification of the
colorimetric method [34,35] in which NADH produced by
enzymatic cycling with alcohol dehydrogenase, reduces
MTT to formazan through the intermediation of phenazine
methasulfate. The rate of MTT reduction is proportional to
the concentration of the co-enzyme. The reaction mixture
contained 10 pL of a solution of 2.5 mg/mL MTT, 20 pL of
a solution of 4 mg/mL phenazine methosulfate, 10 pL of a
solution of 0.6 mg/mL alcohol dehydrogenase (300 unit/
mg), and 190 pL of 0.065 M glycyl-glycine buffer, pH 7.4,
that contained 0.1 M nicotinamide and 0.5 M ethanol. The
mixture was warmed to 37° for 10 min, and the reaction
was started by the addiction of 20 pL. of the sample. The
rate of increase in absorbance was read immediately
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after the addition of NAD" samples and after 10- and
20 min incubation at 37° against blank at 560 nm in the
ELISA microplate reader (SLT-Labinstruments Salzburg,
Austria).

2.12. ELISA for P-selectin and ICAM-1 expression

The expression of P-selectin and ICAM-1 was evaluated
in HUVECs by an ELISA method (Burke-Gaffney &
Hellewell, 1996). Briefly, after stimulation with peroxyni-
trite or TNFo, cells in 96-well plates were washed with
HBSS (pH 7.4), fixed with 1% paraformaldehyde for
15 min, and incubated for 1 hr with a 2% BSA-HBSS
solution. The primary monoclonal antibodies directed at
P-selectin or ICAM-1 (1:700 dilution) were then added
for 2 hr. Thereafter, a secondary developing antibody
(peroxidase conjugate) was applied for 1 hr followed by
incubation with the substrate 2,2-azinobis(3-ethyl-
benzthiazoline-6-sulfonic acid) (1 mg/mL in 0.2 mol/L
citrate/phosphate buffer, pH 5, containing 0.1% hydrogen
peroxide) for 30 min. All the incubations were carried out
at room temperature. Chromophore development was
determined by measuring optical density at 405 nm with
a Spetramax microplate reader. Background absorbance
was determined from cells incubated without primary
antibodies.

2.13. Materials

Cell culture medium, heparin and fetal calf serum were
obtained from Sigma. Perchloric acid was obtained from
Aldrich. Primary monoclonal P-selectin (CD62P) or
ICAM-1 (CD54) for immunohistochemistry were pur-
chases by Pharmingen. The primary monoclonal antibo-
dies directed at P-selectin or ICAM-1 for ELISA were
obtained from R&D system. Reagents and secondary and
nonspecific IgG antibody for immunohistochemical ana-
lysis were from Vector Laboratories Inc. Primary mono-
clonal anti-poly (ADP-ribose) antibody was purchased by
Alexis. All other reagents and compounds used were
obtained from Sigma Chemical Company.

2.14. Data analysis

All values in the figures and text are expressed as
mean + SEM of the mean of n observations. For the in
vitro studies, the data represent the number of wells studied
(six to nine wells from two to three independent experi-
ments). For the in vivo studies, n represents the number of
animals studied. In the experiments involving histology or
immunohistochemistry, the figures shown are representa-
tive of at least three experiments performed on different
experimental days. The results were analyzed by ANOVA
followed by a Bonferroni post hoc test for multiple com-
parisons. A P-value less than 0.05 was considered sig-
nificant.

3. Results
3.1. Effects of 5-AIQ in ZAP-induced pleurisy

Histological examination of lung sections revealed sig-
nificant tissue damage (Fig. 1B). Thus, when compared to
lung sections taken from saline-treated animals (Fig. 1A),
histological examination of lung sections of mice treated
with ZAP showed edema, tissue injury as well as infiltra-
tion of the tissue with neutrophils (PMNs) (Fig. 1B). 5-AIQ
significantly reduced the degree of tissue injury as well as
the infiltration of PMNs. Furthermore, the injection of ZAP
into the pleural cavity of mice elicited an acute inflam-
matory response characterized by the accumulation of
PMNs (Fig. 2A and B). Neutrophils also infiltrated in
the lung tissues (Fig. 2B) and this was associated with
lipid peroxidation of lung tissues as evidenced by an
increase in the levels of malonyldialdehyde (Fig. 3).
Edema, neutrophil infiltration in lung tissue, and lipid
peroxidation were attenuated by the intraperitoneal injec-
tion of 5-AIQ (Figs. 2 and 3).

3.2. Effects of 5-AIQ on the up-regulation expression
of adhesion molecules (ICAM-1, P-selectin)

Staining of lung tissue sections obtained from saline-
treated mice with anti-ICAM-1 antibody showed a specific
staining along bronchial epithelium demonstrating that
ICAM-1 is constitutively expressed (Fig. 4A). No positive
staining for P-selectin was found in lung tissue section
from saline-treated rats (Fig. 5SA). At 24 hr after ZAP
injection, the staining intensity substantially increased
along the bronchial epithelium (Fig. 4B). Lung tissue
sections obtained from ZAP-treated mice showed positive
staining for P-selectin localized in the bronchial epithelium
(Fig. 5B). Less positive staining for [CAM-1 (Fig. 4C) and
no positive staining for P-selectin (Fig. 5C) was found in
the lungs of ZAP-treated mice that received intraperitoneal
injection of 5-AlIQ. To verify the binding specificity for
ICAM-1 or P-selectin, some sections were also incubated
with only the primary antibody (no secondary) or with only
the secondary antibody (no primary). In these situations, no
positive staining was found in the sections indicating that
the immunoreaction was positive in all the experiments
carried out.

3.3. Effects of 5-AIQ on PARP activity

At 24 hr after ZAP injection, lung sections were taken in
order to determine the immunohistological staining for
poly ADP-ribosylated proteins (an indicator of PARP
activation). Sections of lung from saline-treated mice
did not reveal any positive staining for poly ADP-ribosy-
lated proteins (Fig. 6A) within the normal architecture. A
positive staining for the PARP polymer (Fig. 6B) was
found primarily localized in the vessels and in the
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Fig. 1. Effect of 5-AlIQ: lung sections from ZAP-treated mice (A) demonstrates interstitial hemorrhage and polymorphonuclear leukocyte accumulation.
Lung sections from a ZAP-treated mice that had received 5-AIQ (3 mg/kg, intraperitoneally) (B) exhibit reduced interstitial hemorrhage and a lesser cellular
infiltration. Original magnification: 62.5x. Representative of at least three experiments performed on different experimental days.
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Fig. 2. Effect of 5-AIQ, on ZAP-induced inflammatory cells infiltration: the accumulation of PMNs (A) in pleural cavity and neutrophil accumulation (B) in
the lung, as measured by MPO activity, at 24 hr after ZAP injection was inhibited by 5-AIQ. Each value is the mean + SEM for n = 10 experiments, (%)
P < 0.01 vs. Sham; (o) P < 0.01 vs. ZAP.
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Fig. 3. Effect of 5-AIQ, on MDA levels in the lung. Within 24 hr, pleural
injection of ZAP led to an increase in lipid peroxidation of lung tissue (as
measured by MDA). 5-AIQ inhibited the peroxidation. Each value is the
mean = SEM for n = 10 experiments, (¥) P < 0.01 vs. Sham; (o)
P < 0.01 vs. ZAP.

bronchial epithelium from ZAP-treated mice. 5-AIQ
reduced the degree of PARP activation (Fig. 6C). To verify
the binding specificity for PARP, some sections were also
incubated with only the primary antibody (no secondary)
or with only the secondary antibody (no primary). In these
situations, no positive staining was found in the sections
indicating that the immunoreaction was positive in all the
experiments carried out.

3.4. Effects of 5-AIQ on the release of cytokines

At 24 hr after the injection of ZAP, an increase in the
levels of TNFa and IL-1P was observed in pleural exudates
when compared to controls (Fig. 7). 5-AIQ attenuated the
release of TNFa and IL-1B (Fig. 7).

3.5. 5-AIQ inhibits expression of P-selectin and
ICAM-1 in human endothelial cells

From the in vivo experiments, the hypothesis emerges
that PARP activation is a crucial determinant of the
changes of adhesive capability of endothelium. However,
the in vivo experiments cannot prove a direct correlation
between PARP activation and cellular surface expression
of adhesion molecules. Therefore, in additional in vitro
experiments, we sought to investigate whether inhibition of
PARS may directly affect endothelial expression of adhe-
sion molecules. Incubation of HUVECSs with peroxynitrite
or immunostimulation with TNFa (Fig. 8) induced the
up-regulation expression of P-selectin and of ICAM-1.
Pre-treatment of these cells with 5-AIQ caused a concen-
tration-dependent attenuation of the expression of P-selec-
tin and upregulation of ICAM-1 caused by peroxynitrite
or TNFa (Fig. 8).

Fig. 4. Immunohistochemical localization of ICAM-1 in the lung. Staining
of lung tissue sections obtained from Sham-treated mice with anti-ICAM-1
antibody showed a specific staining along bronchial epithelium, demon-
strating that ICAM-1 is constitutively expressed (A). Section obtained
from ZAP-treated mice showed intense positive staining for ICAM-1 (B)
on bronchial epithelium. The degree of bronchial epithelium staining for
ICAM-1 (C) was markedly reduced in tissue section obtained from 5-AIQ-
treated mice. Original magnification: 100x. Representative of at least
three experiments performed on different experimental days.

3.6. Effects of 5-AIQ on the impairment in cell
viability and NAD levels caused by peroxynitrite
in human endothelial cells

Exposure of endothelial cells to peroxynitrite for 30 min
caused a substantial impairment in cell viability (Fig. 9A).
The reduction in cell viability caused by peroxynitrite in
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C

Fig. 5. Immunohistochemical localization of P-selectin in the lung. Lung section from Sham-treated mice revealed no positive staining for P-selectin (A).
Section obtained from ZAP-treated mice showed intense positive staining for P-selectin (B) on bronchial epithelium. The degree of bronchial epithelium
staining for P-selectin (C) was markedly reduced in tissue section obtained from 5-AIQ-treated mice. Original magnification: 100x. Representative of at least
three experiments performed on different experimental days.

these cells was attenuated by 5-AIQ (Fig. 9A). Further- 4. Discussion

more, a significant fall in the intracellular levels of NAD*

(Fig. 9B) was observed in these cells. 5-AIQ caused a Using a new and potent PARS inhibitor (5-AlIQ), we
concentration-dependent attenuation of the fall in the NAD demonstrate here that the activation of PARP mediates
levels (Fig. 9B). leukocyte—endothelial interactions by regulating the
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Fig. 6. Immunohistochemical localization of PAR in the lung. No positive
staining for PAR (A) was found in the lung section from Sham-
administered mice. Immunohistochemistry for PAR (B) show positive
staining along the vessels and in the bronchial epithelium from a ZAP-
treated mice. The intensity of the positive staining for PARS (C) was
significantly reduced in the lung from 5-AlIQ-treated mice. Original
magnification: x100. Representative of at least three experiments
performed on different experimental days.

expression of P-selectin and ICAM-1 during acute inflam-
mation. In 5-AIQ-treated mice subjected to ZAP-induced
pleurisy, the up-regulation of P-selectin and ICAM-1 in the
lung was largely attenuated.

Endothelial cells appear to be major regulators of the
neutrophil traffic, regulating the process of neutrophil
chemoattraction, adhesion and emigration from the vascu-
lature to the tissue. P-selectin is rapidly recruited to the cell
surface of either platelets or endothelial cells from per-

formed storage pools after exposure to, e.g. hydrogen
peroxide, trombin, histamine, or complement, and allows
the leukocytes to roll along the endothelium [36-40].
ICAM-1 is constitutively expressed on the surface of
endothelial cells, is then involved in the neutrophil adhe-
sion [38-40]. Hypoxic or injured endothelial cells synthe-
size pro-inflammatory cytokines, which can up regulate
endothelial expression of the constitutive adhesion mole-
cule ICAM-1 in an autocrine fashion [41,42]. Significant
expression of ICAM-1 in microvessels of previously
ischemic tissues occurs within 1 hr after reperfusion
[43,44]. The up-regulation expression of P-selection and
ICAM-1 corresponds with the induction of neutrophil
recruitment, which is maximal within the first hour of
reperfusion, and persists, at lower rate, in the late phase of
reperfusion [45,46]. In accordance with these findings, we
observed that ZAP (within 24 hr) induced the appearance
of P-selectin on the endothelial vascular wall and up-
regulated the surface expression of ICAM-1 on endothelial
cells. The PARS inhibitor 5-AIQ abolished the expression
of P-selectin and the upregulation of ICAM-1 (Figs. 4C and
5C), but did not affect the constitutive expression of
ICAM-1 on endothelial cells (data not shown). These
results suggest that inhibition of PARS activity may inter-
fere with the interaction of neutrophils and endothelial
cells both at the early rolling phase mediated by P-selectin
and at the late firm adhesion phase mediated by ICAM. The
absence of an increased expression of the adhesion mole-
cules in the lung tissue of 5-AlQ-treated mice correlated
with the reduction of leukocyte infiltration as assessed by
the specific granulocyte enzyme myeloperoxidase and with
the moderation of the tissue damage as evaluated by
histological examination. It is noteworthy, however, that
tissue myeloperoxidase activity was not completely abol-
ished. This result is consistent with previous studies
demonstrating that constitutive levels of ICAM-1 appear
to be sufficient to support a lower degree of CD11/CD18-
dependent frans-endothelial migration of activated neutro-
phils [47,48].

Reduction of neutrophil infiltration was also paralleled
with the inhibition of PARP immunoreactivity. Our finding
(i.e. that PAR staining is reduced in the 5-AIQ animals)
coupled with the lung protective effects of PARP inhibition
proves the existence of a self-amplifying suicide cycle in
which early oxidant production by endothelium activates
PARP; the consequent endothelium injury with activation
of neutrophil-attractive factors (e.g. ICAM-1 and P-selec-
tin) and neutrophil infiltration leads to further production
of oxidants, which ultimately are responsible for the lung
injury.

Several in vitro and in vivo studies have demonstrated
that the catalytic activity of the nuclear enzyme PARP,
induced by single DNA strand breakage, is a direct result of
oxidant injury in conjunction with a variety of immuno-
logical stimuli, including bacterial endotoxin and cyto-
kines. More specifically, it has been previously reported
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Fig. 7. Pleural injection of ZAP caused at 24 hr an increase in the release of the cytokines TNFa (A), and IL-1f (B). 5-AIQ inhibited TNFo and IL-1f. Each
value is the mean = SEM for n = 10 experiments, (¥) P < 0.01 vs. Sham; (o) P < 0.01 vs. ZAP.

that oxidant injury by nitric oxide (NO), peroxynitrite, and/
or hydrogen peroxide induces metabolic changes and
cytotoxicity in association with the intracellular elevation
of PARP activity in macrophages and in pulmonary epithe-
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Fig. 8. Effect of 5-AIQ (0.003—10 mM) on expression of P-selectin (A)
and ICAM-1 (B) in HUVECs. Expression of P-selectin was induced by
incubation of cells with peroxynitrite (10 pmol/L). ICAM-1 was induced
by incubation of cells with TNFo (100 unit/mL). On the other hand, 5-AIQ
caused a concentration-dependent reduction of the expression of P-selectin
and ICAM-1. Each value is the mean + SEM for 9-12 wells, (%) P < 0.01
when compared to control HUVECs; (o) P < 0.01 represents a significant
inhibitory effect of 5-AIQ.

lial, smooth muscle, and endothelial cells [49]. In the
present in vitro experiments with HUVEC cells, we have
demonstrated that oxidant injury by peroxynitrite or TNFa
stimulation induces an up-regulation of P-selectin and
ICAM-I surface expression, a process that is prevented
by the PARP inhibitor 5-AIQ. It is possible that an
enhanced adhesion molecule expression may be mediated
by an increase in intracellular PARP activity. In conclusion,
the data presented here demonstrate that PARP is involved
in the regulation of the expression of adhesion molecules
and that, consequently, that PARP plays a role in the tissue
infiltration of neutrophils. The mode of action of PARP
inhibition, as it relates to inhibition of neutrophil infiltra-
tion, in the present model is different from the mode of
action of PARP inhibitors in the mesenteric microcircula-
tion inflamed with zymosan: in the latter model, PARP
appeared to modulate a post-adhesion phenomenon [33].
Taken together, the data presented in the present study and
in another recent report [S0] demonstrate that PARP reg-
ulates the infiltration of neutrophils into the inflamed
tissues via a number of distinct mechanisms. The discovery
of the concept that PARP regulates neutrophil trafficking
may provide new insights in the interpretation of recent
reports demonstrating the protective effect of PARS inhi-
bition in experimental models of shock, ischaemia—reper-
fusion injury and inflammation.

For instance, there is good evidence that less potent
inhibitors of PARP activity (including 3-AB: 10 mg/kg;
nicotinamide: 10 mg/kg and 1,5-dihydroxyisoquinoline:
3 mg/kg) reduce by ~30-50% the degree of tissue injury
associated with regional myocardial ischaemia and reper-
fusion of the heart [26,50,51], the brain [52], the gut [53]
and the kidney [54]. Interestingly, a much larger reduction
in cerebral infarct size (~80%) can be detected in mice in
which the gene for PARP has been has been disrupted
by gene-targeting (PARP knock out or —/— mice) [52].
Thus, it is possible that a much larger therapeutic benefit
in conditions associated with inflammation, can be
obtained with more potent, water-soluble inhibitors of
PARP activity.
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mean + SEM of n = 9-12 wells.

Thus, we propose the following positive feedback cycle
in acute lung inflammation: early ROS production >
PARP-related endothelial injury > PMN infiltration >
more ROS production. Inhibition of PARP would intercept
this cycle at the level of endothelial injury. Therefore, to its
effect on preserving the cellular energetic status and
protecting against oxidant-induced cell necrosis, regula-
tion of neutrophil recruitment may represent a novel
important additional anti-inflammatory mode of action
of this novel inhibitor of PARP activity.
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