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Protein nitration in cutaneous inflammation in the rat: essential
role of inducible nitric oxide synthase and polymorphonuclear
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1 We have examined the relationship between neutrophil accumulation, NO*® production and
nitrated protein levels in zymosan-mediated inflammation in rat skin in vivo.

2 Rats were anaesthetized and cutaneous inflammation was induced by zymosan (injected
intradermally, i.d.). Experiments were carried out up to 48 h, in recovery procedures as appropriate.
Assays for neutrophil accumulation (measurement of myeloperoxidase), nitric oxide (assessment of
NO, /NO;7) and nitrated proteins (detected by ELISA and Western blot) were performed in skin
extracts.

3 The results demonstrate a close temporal relationship between these parameters. Samples were
assayed at 1, 4, 8, 24 and 48 h after i.d. injection of zymosan. The highest levels measured of each
parameter (P<0.001 compared with vehicle) were found at 4—8 h, with a reduction towards basal
levels by 24 h.

4 Selective depletion of circulating neutrophils with anti-neutrophil antibody abolished neutrophil
accumulation and protein nitration. In addition substantially decreased NO levels were found.

5 A selective inducible nitric oxide synthase (iNOS) inhibitor, N-3-aminomethyl-benzyl-
acetamidine-dihydrochloride (1400W) also significantly reduced neutrophil levels and NO
production and substantially inhibited protein nitration.

6 We conclude that the neutrophil leukocyte plays an essential role in the formation of iNOS-
derived NO and nitrated proteins in inflammation, in a time-dependent and reversible manner. The
NO-derived iNOS also has a role in stimulating further neutrophil accumulation into skin. This
suggests a close mechanistic coupling between neutrophils, NO production and protein nitration.
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Introduction

Many inflammatory processes are associated with increased
nitric oxide (NO) production and an upregulation of
inducible nitric oxide synthase (iNOS), also known as NOS
II. The polymorphonuclear leukocyte has a primary role in
inflammation and the rapid accumulation of neutrophils in
inflamed tissue is an essential defensive component in the
response of the body to injury (Becker, 1990). The pro-
inflammatory potential of the neutrophil in disease is also
well established (Becker, 1990; Scapini et al., 2000).
Interestingly, the direct contribution of the neutrophil
leukocyte to events associated with NO production and
protein nitration is not established in vivo, despite extensive
knowledge of the pro-inflammatory potential of neutrophil-
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derived reactive species, such as superoxide (O,~) and the
highly reactive oxidant peroxynitrite (ONOO™) in tissue
injury (Beckman et al., 1990; Halliwell, 1982; Salvemini et al.,
1996a, 1999; Szabo et al., 1995). ONOO~ is formed in
inflamed tissue where the increased production of NO and
O, favours their reaction (Ischiropoulos et al, 1992;
Beckman, 1994). The cytotoxic mechanisms of ONOO~
include protein nitration, lipid peroxidation, inhibition of
cellular metabolic pathways and signal transduction pro-
cesses, and DNA strand breakages (Beckman, 1996).

It is generally assumed that NO, O,~ and ONOO™ are
primarily generated at sites of inflammation by monocytes
and macrophages (Halliwell, 1982; Ischiropoulos et al.,
1992; Babior et al., 1973; Hazen et al., 1999). Indeed, it has
been suggested that activated neutrophils produce little
ONOO~ as the O, production far exceeds that of NO
(Grisham et al., 1998). Early studies in animal models of
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inflammation (e.g. rat air pouch (Salvemini et al., 1995)
and experimental peritonitis in the rat (Boughton-Smith &
Ghelani, 1995)) suggest that removal of neutrophils by
colchicine does not affect NO production. In addition,
studies by Cuzzocrea (1997b) in the rat have highlighted
the ability of zymosan-activated plasma, in the absence of
white blood cells, to mediate increased NO production and
ONOO~ formation, possibly related to multi-organ dys-
function in shock. More recently, the use of iNOS-deficient
mice has enabled the role of iNOS in inflammatory
responses to be elucidated and the lack of iINOS was
correlated with reduced neutrophil accumulation, in
response to either zymosan (Ajuebor et al., 1998) or
carrageenan (Cuzzocrea et al., 2000). By comparison, no
change was observed in neutrophils accumulating in
response to zymosan in the joints of iNOS deficient mice,
where an involvement of NO derived from iNOS in
cartilage destruction was implicated (Van de Loo er al.,
1998). We have previously demonstrated that zymosan
induces inflammatory oedema formation, increased blood
flow and neutrophil accumulation in rat skin and that
iNOS-derived NO is associated with the increased blood
flow and the potentiation of inflammatory oedema by 4 h
after zymosan administration (Ridger et al., 1997b),
although others have suggested that NO derived from
iNOS can act in a functionally significant manner as early
as 2.5 h after inflammatory insult (Omote ez al., 2001). The
upregulation of iNOS in response to zymosan has also been
reported in a range of other rat models (Cuzzocrea et al.,
1997a; Paya et al., 1997; Setoguchi et al., 1996); and in
particular Cuzzocrea and colleagues (Cuzzocrea et al.,
1997a, b) has demonstrated that iNOS inhibitors attenuate
zymosan-induced inflammation and shock.

Neutrophils and the reactive species that they generate have
been implicated in tyrosine nitration in vitro (Evans et al.,
1996) and lung lavage samples (Lamb er al., 1999a, b).
However, the contradictory literature outlined above high-
lights the need for a comprehensive study of the ability of the
neutrophil to influence NO production and nitration of tissue
proteins in a well-defined inflammatory model in vivo.
Zymosan, a preparation of yeast cell walls, stimulates a non-
allergic, non-septic inflammation (Williams & Jose, 1981) that
has been traditionally related to activation of the alternative
complement pathway (Keystone et al., 1977), and generation
of C5a, a potent mediator of mast cell activation and
neutrophil accumulation (Becker, 1972; Johnson et al., 1975).
Zymosan is used to induce inflammation in models of
inflammatory diseases that include athritis. In addition, other
inflammatory mediators are known to contribute to this
response including cytokines, chemokines and eicosanoids
(Ajuebor et al., 1998; Van de Loo et al., 1998; Beaubien et al.,
1990; Coates & McColl, 2001). We now provide in vivo
evidence that implicates the neutrophil leukocyte in the
formation of NO derived from iNOS and formation of
nitrated proteins in a temporal manner. We also show the
substantial reduction of NO production and nitrated protein
levels when circulating neutrophils are depleted with a selective
anti-rat neutrophil antiserum. In addition, the use of 1400W,
an established, selective iNOS inhibitor (Garvey et al., 1997)
reveals that the pro-inflammatory effects of NO derived from
iNOS plays a significant role in the nitration of proteins during
zymosan-induced inflammation.

Methods
General methods

Most agents were purchased from either the Sigma Chemical
Company (Dorset, U.K.) or Amersham Pharmacia Biotech
(Bucks, U.K.). Other agents were acquired as follows: rabbit
anti-neutrophil antiserum from Accurate Chemicals (West-
bury, NY, U.S.A); 1400W and SIN-1 from Alexis
Biochemicals (Nottingham, U.K.); avidin-biotinylated HRP
complex, diaminobenzidine, swine anti-rabbit immunoglobu-
lin biotinylated antibody rabbit anti-goat biotinylated anti-
body from DAKO (Cambridgeshire, U.K.); rabbit polyclonal
anti-rat iNOS antibody, goat polyclonal anti-neutrophil
elastase antibody from Santa Cruz Biotechnology (Santa
Cruz, U.S.A)); '""I-BSA from ICN (Belgium); K-Blue
substrate from Neogen (Lexington, KY, U.S.A.); sheep
polyclonal anti-rat albumin antibody from The Binding Site
(U.K.); rabbit polyclonal anti-3-nitrotyrosine (3-NT) anti-
body from Upstate Biotechnology Incorporated (Lake Placid,
NY, U.S.A).

In vivo procedures

Male Wistar rats (180—250 g) were purchased from Tucks
Ltd. (Essex, U.K.). Experiments were either performed
according to the Animals (Scientific Procedures) Act 1986.
Sodium pentobarbitone (Sagatal, 50 mg kg~' i.p.) was used
to induce and maintain anaesthesia as assessed using the
pedal reflex. For time course studies, the dorsal skin was
shaved and zymosan (0.1 mg site™"), made up in Tyrode’s
solution (0.1 ml) was injected i.d. in duplicate, according to a
randomized balanced site pattern. Animals were injected
—48, —24, —8, —4, —2, —1h before being killed by
cervical dislocation. At zero hours the rats were killed and
skin sites were removed (16 mm diameter) and stored at
—80°C until analysis. The iNOS inhibitor 1400W
(5 mg kg~', s.c. in saline) or saline for control were given
5 min before and 3 h after i.d. treatments. In a separate series
of experiments the rabbit anti-rabbit neutrophil anti-serum
(2 ml kg ', i.p.) as used by this group (Ridger ez al., 1997b),
or rabbit serum for control were given 17 h before the start
of the experiment. A 2 ml blood sample was taken by cardiac
puncture to determine cell counts, just before the termination
of the experiment.

Frozen skin samples were pulverized and then homo-
genized (Polytron, Brinkman, NY, U.S.A.) in either 10 mMm
PBS (pH 7.4, 4°C) containing 0.05% Tween 20, for measure
of nitrated proteins and NO, /NO3~, or 50 mM phosphate
buffer (pH 6.0) containing 0.5% hexadecyl trimethylammo-
nium bromide (HTAB), for MPO assay. Homogenates were
centrifuged at 25 000 x g for 25 min at 5°C. The supernatant
was stored at —80°C.

Detection of protein nitration by competitive enzyme-
linked immunoabsorbent assay (ELISA)

The assay was modified from that of Khan er al. (1998).
Briefly, BSA nitrated with tetranitromethane and containing
4—5 nitrotyrosine residues per protein was made up in
50 mM carbonate buffer (pH 9.0) and coated onto 96-well
plates. Samples (0.02—0.5 mg protein 0.1 ml~') or standard
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nitrated BSA (0.01-150 pmol 0.1 ml™') were added in
duplicate, and incubated for 2 h at 37°C with 0.1 ml
primary rabbit polyclonal anti-nitrotyrosine antibody
(1:30,000) to allow competition between immobilized
nitrated BSA and nitrated protein in sample or standard.
After washing, sequential 1 h incubations were performed
with 0.1 ml biotinylated donkey anti-rabbit IgG (1:5000)
and an avidin-biotinylated horseradish peroxidase complex.
Colour development was with 0.1 ml substrate (o-pheny-
lene-diamine in 0.03% sodium perborate) for up to 10 min.
Antibody binding was determined from the absorbance at
492 nm.

Detection of protein nitration by Western blot

The procedure (Greenacre et al., 1999) was as follows: Skin
protein (20 ug) was applied to the SDS-polyacrylamide gels
(Protean 11, Bio-Rad Laboratories Ltd., Hemel Hempstead,
U.K.). The resolved bands were transferred to Immobilon-P,
0.45 yum pore size polyvinylidene difluoride membranes
which were blocked for 3 h in low fat milk (2% in Tris
Buffer Saline Tween containing 50 mM Tris-HCIL, 150 mm
NacCl, 0.02% (v v—') Tween 20, pH 7.4) and probed with a
rabbit primary anti-nitrotyrosine polyclonal antibody (di-
luted 1:5000 in 2% milk, for 2 h). Membranes were washed
and incubated for 1h in 0.2% milk containing HRP-
conjugated goat anti-rabbit immunoglobulin antibody.
Nitrated protein bands were detected using enhanced
chemiluminescence. To evaluate the success of the transfer,
some of the blots were stained with Coomassie blue. To
confirm that protein bands were not due to non-specific
binding, blots were also incubated with the blocked primary
antibody, pre-incubated for 12 h with 10 mM free 3-NT.
Molecular weight standards and nitrated RSA, made from
the addition of 10 ul of 200 mM peroxynitrite to 5 mg RSA
(made up in 1 ml 0.5M phosphate buffer at pH 7.4), were
applied to each gel.

Determination of neutrophil accumulation

MPO activity was used as an index of neutrophil accumula-
tion as determined by measuring the H,O,-dependent
oxidation of tetramethylbenzidine (TMB). Values were
calculated from a purified leukocyte MPO standard (Sigma).
Duplicate samples were diluted 1:2 with 50 mM phosphate
buffer (pH 6.0) containing 0.5% HTAB and incubated with
0.1 ml of ‘K-Blue’ substrate (stabilized H,O, and TMB) for
10 min. The plate was shaken for 5s and absorbance
measured at 620 nm. MPO activity was expressed as MPO U
site ™"

Determination of NO production

NO production was determined by the formation of NO,~/
NO;~ by the Griess reaction. NO, /NO;~ levels were
measured after the NO3;~ was converted to NO,~ by nitrate
reductase from Aspergillus species (1 unit ml~') and NADPH
(1 mMm) for 30 min at 37°C. NO,~ levels were assessed
spectrophotometrically at 540 nm by comparing the absor-
bance after adding Griess reagent (Sulfanilic aicd (1% w v™")
and N-(I-Naphythyl)ethylenediamine (0.1 wv~") in 5%
phosphoric acid) to that of a NaNO, standard.

Immunohistochemistry using streptavidin biotin
immunoperoxidase detection

Tissue was embedded in paraffin and sliced (5 um). The
sections were deparaffinized and treated with 0.3% H,O, for
15 min at 23°C to block endogenous peroxidase before
rehydration in H,O for 5 min. Sections were microwaved
(880W at maximum temperature and pressure for 2 min) and
then cooled. They were washed with TRIS buffered saline
containing 0.05% Tween 20 (TBS) for 5 min and then treated
with normal serum followed by incubation with either rabbit
anti-rat iNOS (1 100~") or goat anti-rat neutrophil elastase
(1 1007") for 2 h at 214+2°C. The slides were then washed
twice with TBS for 5 min and incubated with the respective
secondary antibody (either swine anti-rabbit (biotinylated
F(ab’), fragment of swine anti-rabbit immunoglobulin
(1 400" dilution) from Dako or rabbit anti-goat Ig biotin
(1 300" dilution) from Dako) for 2 h at 21+2°C followed
by wash, before incubation with streptavidin-biotin complex/
horseradish peroxidase (1 100" in TBS for 30 min). Sections,
after washing, were developed with a diaminobenzidine
(DAB)-substrate chromogen kit. Sections were then stained
with haematoxylin, dehydrated, cleansed, covered and
viewed. Stained regions of skin were quantified by an image
analyser (software by Foster-Findlay Associates, Newcastle
on Tyne, U.K.). The brown peroxidase reaction product was
assessed by measurement of pixels in intact tissue and results
given as per cent area stained.

Statistics

Results are presented as mean +s.e.mean (unless stated) and
analysed statistically by ANOVA followed by Bonferroni’s or
by Dunnett’s modified ¢-test.

Results

Zymosan induced protein nitration, neutrophil
accumulation and NO production in skin

Zymosan induced an inflammatory response in skin, in
keeping with our previous results (Ridger et al., 1997b). The
time-dependent effects of zymosan on protein nitration,
neutrophil accumulation and NO production in rat skin are
shown in Figure 1. Significant neutrophil accumulation was
observed by 4 h that had increased by 8 h, but then returned
to basal levels after 24 h. Surprisingly, there was a close
correlation between neutrophil accumulation and increases in
protein nitration, that had also returned to basal levels by
24 h. In addition an increase in NO production in skin was
detected within 2 h (P<0.01) reaching a peak after 4 h
(P<0.001) and remaining elevated after 8 and 24 h, returning
to basal levels after 48 h.

Immunohistochemical detection of iNOS in skin

Minimal iNOS staining was detected in naive skin, as shown
in Figure 2a. At 4 h after i.d. zymosan there was enhanced
staining in Figure 2b, indicating increased accumulation of
neutrophils and iNOS. By 24 h, Figure 2c is indicative of a
lack of neutrophils in skin, in keeping with results shown in
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Figure 1 The effects of i.d. zymosan (0.1 mg site™") over 1-48 h on

(a) protein nitration, (b) neutrophil accumulation, and (c) NO*®
production in rat dorsal skin. Results are expressed as mean+
s.e.mean, n=5. *P<0.05, **P<0.01, ***P<0.001 compared to
Tyrode’s vehicle at corresponding time point.

Figure 1. Interestingly, Figure 2c indicates the presence of
iNOS protein, despite evidence that NO production had
declined by 24 h. An image analyser was used to determine
the mean area (+s.d.) of stained tissue in three slides (10
readings taken from each) from the same skin site with
results as follows: iNOS 1342 um? in naive, 254+2 at 4 h
after zymosan (P<0.01) and 26+7 at 24 h after zymosan
(P<0.05).

The effect of selective neutrophil depletion

The rabbit anti-rat neutrophil anti-serum produced a
complete and selective depletion of circulating neutrophils
in the blood of rats as previously observed (see Table 1). The
effects of depletion of circulating neutrophils on zymosan-
induced responses is shown in Figure 3. After 4 h, zymosan
induced significant protein nitration, neutrophil accumulation
and NO production compared to treatment with vehicle, in

Figure 2 Detection of neutrophils and iNOS as determined by using
horse radish peroxide-mediated observation of skin slices. Immuno-
cytochemical analysis of (a) naive skin and at (b) 4 h and (¢) 24 h
after intradermal zymosan (0.1 mg site ™).

rats pre-treated with irrelevant anti-serum. Depletion of
circulating neutrophils abolished the increased levels of
neutrophils and protein nitration with by comparison a
significant, but not total, reduction, in NO levels.

The effect of a selective iNOS inhibitor

Figure 4 shows the effects of the selective iNOS inhibitor
1400W on zymosan induced responses. Pre-treatment with
1400W significantly attenuated protein nitration, NO, '/
NO;~ levels and neutrophil accumulation induced by
zymosan. However, while 1400W pre-treatment reduced
protein nitration in zymosan treated skin to levels similar
to basal, there was still significant neutrophil accumulation
and NOzi/NO37.

Zymosan induced nitration of a 66 kDa protein

The representative Western blot in Figure 5 shows the
detection of nitrated proteins. The samples of naive skin,
zymosan and Tyrode’s treated skin used in the blots were
also used in the ELISA, Figure 1, allowing direct compar-
ison. A single strong immunopositive protein was identified
with a molecular weight of 66 kDa in skin 4 h and 8 h after
zymosan treatment (Figure 5a). The nitrated 66 kDa protein
has the same molecular weight as nitrated RSA suggesting
that albumin may be nitrated. The nitration of this protein
also occurs basally in rat skin as the immunopositive band
was found in all skin samples, albeit to a lesser extent. The
specificity of the rabbit polyclonal anti-3-NT antibody was
confirmed by incubation with 10 mM free 3-NT which
resulted in a loss of the immunopositive band (Figure S5b).
Even loading of protein onto the gel was confirmed by
Coomassie blue staining (Figure 5c).
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Table 1 The effect of an anti-rat neutrophil anti-serum and rabbit irrelevant anti-serum on rat peripheral blood counts

Differential cell count (% of cells) Total cell
count
Treatment Lymphocytes Neutrophils Monocytes Basophils Eosinophils (cells m1~")
Irrelevant anti-serum 70.2+1.3 22.0+1.5 5.8+1.2 1.840.6 0.24+0.2 1.5+0.4x 107
Anti-rat neutrophil anti-serum 90.8 4 1.3%** 0 5.0+0.9 3.6+0.8 0.6+0.2 1.440.3 % 107

The effect of rabbit anti-rat neutrophil anti-serum (2 ml kg~', i.p., —17 h) and rabbit irrelevant anti-serum (2 ml kg ="', i.p., —17 h) on
rat blood counts. Data expressed as mean+s.e.mean, n=>5 animals. Statistics were evaluated by ANOVA followed by Bonferroni’s

modified r-test. ***P <0.001 compared to control pre-treatment.

Discussion

Surprisingly, little is known about the direct relationship of
the neutrophil to the generation of NO and protein nitration
in inflammation. This led us to investigate a neutrophil-
dependent model of inflammation in rat skin. Experiments in
skin allows substantial information to be obtained through
use of multiple sites, of relevance to inflammatory disease.
This study provides important evidence to extend previous
findings that have implicated neutrophils in tyrosine nitration
(e.g. Salvemini et al., 1996a, b). The results suggest a close
coupling between these phenomena in that levels are
concomitantly raised in the first hours after inflammatory
insult, but then the decrease of neutrophils with time is
associated with a reduction in NO generation and in the
detection of nitrated proteins. However, NO, /NO;~ levels
remain significantly raised at 24 h, whereas nitrated protein
and neutrophil levels do not, indicative that NO is formed
from a non-neutrophil source at this later timepoint. The
detection of nitrated proteins is not related to inflammatory
oedema that we have previously shown to occur at an earlier
stage than neutrophil accumulation (Ridger er al., 1997b).
The depletion of circulating neutrophils leads to a reduction
in protein nitration in inflamed tissues, thus providing
evidence for neutrophil-mediated nitration in vivo during a
non-allergic, non-septic inflammatory response. Interestingly,
NO,7/NO3;~ levels remain high. This provides further
evidence that NO is formed from a non-neutrophil source
and that neutrophils play an important role in protein
nitration. In addition, the iNOS inhibitor, 1400W, signifi-
cantly inhibited neutrophil accumulation and nitrated
proteins levels, thus revealing the importance of iNOS.
Therefore the increase in protein nitration during acute
inflammatory processes within these tissues appears second-
ary to neutrophil accumulation and the generation of iNOS-
derived NO.

The specific consequences of tissue protein nitration are
unclear. Western blotting revealed that only one major
protein was found to be nitrated at 4—8 h after zymosan;
although it is highly likely that the other less abundant
particulate/membrane bound or insoluble proteins are also
nitrated. This nitrated protein possessed a molecular weight
of around 66 kDa and was considered to be albumin, based
on molecular weight and the abundance of albumin in skin.
Previous studies show nitration in proteinaceous exudates in
inflamed tissues after stimuli that include zymosan (Setoguchi
et al., 1996) and that immunohistochemical staining for
nitrotyrosine may often appear diffuse (Ischiropoulos et al.,
1995; Viera et al., 1999; Greenacre & Ischiropoulos, 2001), in
keeping with a major nitration of albumin. Furthermore, a

single 66 kDa protein was nitrated in inflammatory models in
skin that included ischemic rat skin grafts (Um er al., 1998)
and naive and inflamed UVB-irradiated mouse skin (Hattori
et al., 1996). We have previously identified albumin as a
major nitrated protein after peroxynitrite administration to
skin (Greenacre et al., 1999). In addition, in support of the
occurrence of albumin nitration under basal and inflamma-
tory conditions, of particular interest is the very recent
preliminary work of Cullen e al. (2001) who have identified
nitrated albumin (by Western blot followed by proteomic
sequence analysis) as the major nitrated protein in the healthy
and inflamed (nitration increased after systemic LPS)
opossum gall bladder. We have previously shown that
ONOO~ has potent oedema-inducing effects in skin when
compared with degraded ONOO~ and induces protein
nitration in this tissue (Greenacre et al., 1999; Ridger et al.,
1997a). The inflammatory oedema formation may serve as a
protective anti-oxidant mechanism by providing plasma
albumin. Certainly, the abundance of albumin has led to
the proposal that it is an important extra-cellular anti-oxidant
(Halliwell et al., 1988) acting in a sacrificial manner to
protect the oxidative and nitrative damage of more ‘critical’
proteins.

Tyrosine nitration was proposed as a marker of endogen-
ous formation of ONOO~ (Beckman, 1996). It is now
realised that other reactions can also induce nitration of
tyrosine and tyrosine containing proteins (e.g. the reaction of
nitrite with hypochlorous acid and the reaction of myeloper-
oxidase with hydrogen peroxide; Van der Vliet et al., 1997;
Eiserich et al., 1998). Furthermore, Baldus et a/. (2001) have
recently shown that myeloperoxidase released by activated
neutrophils can become localized in the vascular wall and
then act to nitrate fibronectin. Nitrotyrosine is not observed
in myeloperoxidase knockout mice, thus establishing the
importance of myeloperoxidase. This paper is directly
relevant to our findings. It highlights the link between
neutrophils and protein nitration. It is possible that
fibronection could have been nitrated in our studies.
However, if fibronectin or its fragments were major nitrated
proteins one would expect to see a series of different
molecular weight bands on the Western blot.

There is evidence, mainly from cellular studies, that a
number of less abundant proteins and peptides have altered
functions after protein nitration and they may have more
critical roles than albumin in the inflammatory process. These
include o-proteinase inhibitor (Halliwell, 1988), cytochrome
P4s0 (Roberts et al., 1998), chemokines (Sato et al., 2000a, b,
manganese superoxide dismutase (Macmillan-Crow &
Thompson, 1999) and cyclo-oxygenase (Boulos et al., 2000).
The early increase in nitration within 4 h of zymosan
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Figure 3 The effects of neutrophil depletion, with an anti-rat
neutrophil antiserum, on (a) protein nitration, (b) neutrophil
accumulation and (c) NO® production in rat dorsal skin. Skin
samples were removed 4 h after i.d. zymosan (0.1 mg site™'). Data
expressed as mean+s.e.mean, n=>5 animal. ***P<(.001, zymosan
compared to Tyrode’s vehicle in animals with neutrophils,
YYYP<0.001, zymosan compared to Tyrode’s vehicle in neutrophil
depleted animals, + + +P<0.001, zymosan in animals with
neutrophils compared to zymosan in neutrophil depleted animals.

treatment and rapid return to basal levels of nitration by 24 h
indicates that protein nitration may have an important role in
the acute inflammatory process, being a tightly controlled
process with specific mechanisms existing for the removal,
repair, or degradation of nitrated proteins. Mechanisms for
the removal of nitrated proteins have been suggested
(Kamisaki et al., 1998) and this laboratory has evidence for
such activity in rat skin (Greenacre et al., 2000). Further-
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Figure 4 The effects of the iNOS inhibitor 1400W (5 mg kg~ !, s.c.),
administered 5 min pre- and 3 h post-zymosan (0.1 mg site™', i.d.)
on (a) protein nitration, (b) neutrophil accumulation and (c) NO*®
production in rat dorsal skin. Skin samples were removed 4 h after
i.d. zymosan. Data expressed as meants.e.mean, n=35 animals.
*¥**P<0.001, zymosan compared to Tyrode’s vehicle in absence of
1400W, WP<0.05, zymosan compared to Tyrode’s vehicle in
presence of 1400W, + + P<0.01 + + + P<0.001, zymosan in the
presence of 1400W compared to zymosan in the absence of 1400W.

more, the finding of the temporal correlation of tissue
nitration with neutrophil accumulation is intriguing, espe-
cially when considering the neutrophil chemoattractants
involved in this response. The chemokines interleukin-8 (IL-
8) and macrophage inflammatory protein-lalpha (MIP-1o)
are potent neutrophil chemoattractants and play a key
functional role in neutrophil accumulation observed in
response to zymosan (Beaubien er al., 1990; Mahesh et al.,
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Tyrode’s Zymosan
2h 4h 8h 24h 48h 1h 24h 48h

2h 4h 8h

Figure 5 Detection of nitrated proteins in zymosan-treated rat dorsal skin by Western blot. A representative blot with resolved
and transferred protein incubated with rabbit polyclonal anti-3-NT IgG is shown in (a). Results for naive skin (NA) and for Tyrode
and zymosan (0.1 mg site ') injected sites are shown. A comparison is made with results from nitrated RSA (NRSA). The effect of
10 mm free 3-NT is shown in (b). Even protein loading onto the gel is shown in (c) by visualization of the loading lanes using

Coomassie blue stain.

1999). Interestingly, the tyrosine at position 13 of IL-8 is
important for chemotactic activity (Schraufstatter et al.,
1995) and nitration of IL-8 leads to an inhibition of its
neutrophil chemotactic activity (Sato et al., 2000a); as does
nitration of MIP-1a (Sato et al, 2000b). This could be
directly related to the transient nature of the neutrophil
accumulation, such that inactivation of the chemotactic
factors, due to nitration, may be associated with the return
to basal levels of neutrophils as observed in the skin by 24 h.
Thus the process may work as a negative feedback, limiting
the inflammatory potential of the neutrophil in tissues.

The compound 1400W is one of the most selective iNOS
inhibitors available to date (Garvey et al., 1997). The results
show that the increased protein nitration observed in skin 4 h
after zymosan treatment was totally dependent on iNOS
activity, whilst increases in NO production and neutrophil
infiltration were partially dependent on iNOS. The data
suggest that basal protein nitration in skin is most likely due
to ¢cNOS activity, since iNOS inhibition did not reduce the
basal levels of nitrated protein detected. The doses of 1400W
were sufficient for inhibition of iNOS as they were between
1-5 times higher than those used to protect against
lipopolysaccharide and iNOS-dependent vascular leakage in
the rat (Garvey et al., 1997) and have been reported to inhibit
iNOS selectivity without non-specific toxicity (Thomsen et al.,
1997). The partial reduction of zymosan-induced neutrophil
infiltration by 1400W is indicative of a role for iNOS derived
NO* in mediating neutrophil accumulation. The role of NO
in modulating neutrophil infiltration is not clear and may
vary from tissue and inflammatory model, but generally it is
thought that low levels of NO reduce inflammatory cell
adhesion to the endothelium (Kubes et al., 1991; Lefer et al.,
1999). It has been demonstrated that neutrophil-derived
oxidants promote PMN adherence to microvessels in vivo

(Suzuki et al., 1991) and it has been suggested that the effects
of NO that prevent polymorphonuclear leukocyte accumula-
tion are related to its ability to sequester O, (Kubes et al.,
1993). Our findings suggest that high levels of NO induced by
iNOS stimulate neutrophil accumulation and in keeping with
results from Koarai et al. (2000) who demonstrated reduced
eosinophil infiltration in mouse airway inflammation after
1400W treatment. That the anti-infiltrative action of 1400W
on neutrophils is due to iNOS inhibition is supported by
studies in iNOS deficient mice which showed reduced
neutrophil accumulation after i.p. zymosan (Ajuebor et al.,
1998) or pleural carrageenan treatment (Cuzzocrea et al.,
2000). The former study also provided evidence for the
concept of iNOS derived NO in stimulating increased levels
of cytokines and chemokines such as the macrophage
inflammatory protein-2, and this may be relevant to the role
of iNOS-derived NO in neutrophil accumulation. In addition,
it is possible that NO is associated with the enhanced
production of other mediators of neutrophil accumulation
such as LTBy (Grisham et al., 1998). Alternatively, since
iNOS derived NO has been shown to increase microvascular
blood flow during zymosan-induced skin inflammation
(Ridger et al., 1997b), reduced neutrophil infiltration
following iNOS inhibition may be secondary to a reduction
in blood flow. The presence of iNOS as determined by
immunohistochemistry at 24 h, but lack of evidence for
iNOS-derived NO production at this time point is of interest,
but the reasons are unclear. It is suggestive that iNOS is not
functional at the later timepoint.

A recent study has used a similar experimental approach to
our own to identify an essential role of eosinophils in protein
nitration in asthma; an anti-IL-5 antibody was used to
selectively deplete circulating eosinophils and to demonstrate
in turn an absence of protein nitration in allergen-challenged
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mice that lacked functioning eosinophils (Iijima et al., 2001).
The results are supported by evidence that the human
eosinophil is a major source of oxidants during asthma
(Macpherson et al., 2001).

In conclusion, these results identify the neutrophil as
playing an essential role in providing oxidants during the
acute stages of zymosan-induced inflammation in rat skin.
They highlight NO derived from iNOS as a key intermediate
between the neutrophil and the resulting nitrative stress. The
finding that tissue nitration is closely coupled with the time-
dependent increase and then decrease of neutrophil accumu-
lation in the inflamed tissue is indicative of specific roles for
nitrated proteins in the ongoing inflammatory process,
although precise in vivo consequences of nitrated proteins
are unclear and can only be hypothesized at the moment.
However, the evidence presented in this study is indicative of
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