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Peroxynitrite mediates the failure of neutrophil
migration in severe polymicrobial sepsis in mice
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Background and purpose: Sepsis is a systemic inflammatory response resulting from the inability of the host to restrict local
infection. The failure of neutrophil migration to the infection site is one of the mechanisms involved in this process. Recently, it
was demonstrated that this event is mediated by nitric oxide (NO). The present study addresses the possibility that
peroxynitrite (ONOO-), a NO-derived powerful oxidizing and nitrating compound, could also be involved in neutrophil
migration failure.
Experimental approach: Male C57Bl/6 mice were subjected to moderate (MSI) or severe (SSI) septic injury, both induced by
cecal ligation and puncture (CLP). The leukocyte rolling and adhesion in the mesentery was evaluated by intravital microscopy.
Cytokines (TNF-a and MIP-1a) were measured by ELISA and 3-nitrotyrosine (3-NT) by immunofluorescence.
Key results: Compared with saline pretreatment of SSI mice, pre-treatment with uric acid, a ONOO- scavenger, partially
restored the failure of neutrophil rolling, adhesion and migration to the site of infection. These mice also presented low
circulating bacterial counts and diminished systemic inflammatory response. Pretreatment with uric acid reduced 3-NT
labelling in leukocytes in mesenteric tissues and in neutrophils obtained from peritoneal exudates. Finally, uric acid
pretreatment enhanced significantly the survival rate in the SSI mice. Similarly, treatment with FeTPPs, a more specific ONOO-

scavenger, re-established neutrophil migration and increased mice survival rate.
Conclusions and implications: These results indicate that ONOO- contributed to the reduction of neutrophil/endothelium
interaction and the consequent failure of neutrophil migration into infection foci and hence susceptibility to severe sepsis.
British Journal of Pharmacology (2007) 152, 341–352; doi:10.1038/sj.bjp.0707393; published online 16 July 2007
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Introduction

Sepsis is a systemic inflammatory response (SIR) that results

from the inability of the immune system to control bacterial

spread during an ongoing infection. During the infection, a

complex cascade of events is initiated after the invasion of

the host by pathogenic microorganisms (Medzhitov and

Janeway, 2000). In this context, neutrophils play a crucial

role in orchestrating host defence. They are the first cells that

migrate to the infection site and are able to destroy

microorganisms by producing bactericidal agents including

reactive oxygen and nitrogen species (ROS and RNS)

(Yamashiro et al., 2001).

Recently, our group showed that animals subjected to

severe sepsis induced by cecal ligation and puncture (CLP)

(Benjamim et al., 2000; Torres-Duenas et al., 2006) or

Staphylococcus aureus inoculation (Crosara-Alberto et al.,

2002) present failure of neutrophil rolling, adhesion and

transmigration to the site of infection. This impairment of

neutrophil migration was associated with high mortality and

increased numbers of bacteria in peritoneal exudate and

blood. On the other hand, in non-severe sepsis, the bacterial

infection was restricted to the peritoneal cavity, neutrophil
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recruitment was not affected, and a higher survival rate was

observed (Benjamim et al., 2000, 2002; Crosara-Alberto et al.,

2002; Rios-Santos et al., 2003; Alves-Filho et al., 2006b). The

factors contributing to this failure of neutrophil function

include the excessive systemic release of pro-inflammatory

cytokines/chemokines, which induce the production of

nitric oxide (NO) by inducible nitric oxide synthase (iNOS)

(Tavares-Murta et al., 1998, 2001; Benjamim et al., 2002;

Crosara-Alberto et al., 2002; Rios-Santos et al., 2007).

There is much evidence to show that several deleterious

effects ascribed to NO are, in fact, mediated by peroxynitrite

(ONOO�). When produced together, superoxide anion (O2
� �)

and NO react at an almost diffusion-limited rate

(6.7�109 M�1 s�1) to produce ONOO� (Huie and Padmaja,

1993). ONOO� is an oxidizing and nitrating agent that reacts

with a variety of biomolecules, including lipids, proteins,

carbohydrates and deoxyribonucleic acid (Moreno and

Pryor, 1992; Beckmann et al., 1994; Pryor and Squadrito,

1995; Salgo et al., 1995). Potential patho-physiological effects

of ONOO� include its action as a bactericidal agent (Evans

et al., 1996), an initiator of lipid peroxidation (Rubbo et al.,

1994), oxidation of sulphydryls (Radi et al., 1991), inactiva-

tion of sodium transport (Hu et al., 1994) and nitration of

tyrosine residues in a variety of proteins, including inactiva-

tion of enzymes and/or receptors (Ischiropoulos et al., 1992).

Recently, it was demonstrated that ONOO� inhibits neu-

trophil and monocyte migration in inflammation induced

by the macrophage inflammatory protein-1a (MIP-1a) (Sato

et al., 2000), as well as neutrophil-actin polymerization

(Clements et al., 2003). It is important to add that the

potential for ONOO� formation is high in severe sepsis

because of the increased formation of O2
� �. (Wang et al.,

1994).

Therefore, the aim of this study was to assess the role of

ONOO� in the failure of neutrophil migration to the site of

infection and in the outcome of severe sepsis, induced by

CLP. We demonstrated that animals pretreated with uric acid

(UA), a naturally occuring scavenger of ONOO� (Whiteman

and Halliwell, 1996), re-established leukocyte rolling, adhe-

sion and neutrophil migration to the focus of infection

(peritoneal cavity). Moreover, we observed effective bacterial

clearance and a reduced SIR evaluated through both

decreased neutrophil sequestration into lung tissue and

reduced systemic levels of cytokines/chemokines. Conse-

quently, the animals presented improved survival rates. The

treatment of mice with FeTPPs (5,10,15,20-tetrakis(4-sulpho-

natophenyl) porphyrinato iron(III)chloride), another

ONOO� scavenger with less apparent reactive oxygen

intermediate scavenging activity, also improved the neutro-

phil migration, with a subsequently increased survival rate.

Our data therefore provide evidence for the critical role of

ONOO� in the failure of neutrophil to migrate to sites of

infection in severe sepsis.

Methods

Animals

Male C57BL/6 mice obtained from the Animal Facility of the

Faculty of Medicine of Ribeirão Preto, University of São

Paulo, and weighing between 18 and 22 g, were used in this

study. The animals were housed in cages in temperature-

controlled rooms with a 12:12 h light–dark cycle and

received water and food ad libitum. All experiments were

conducted in accordance with the ethical guidelines of the

School of Medicine of Ribeirão Preto (University of São

Paulo, São Paulo, Brazil).

Sepsis model

Sepsis was induced through CLP as described elsewhere

(Wichterman et al., 1980). Briefly, mice were anaesthetized

with tribromoethanol (250 mg kg�1; intraperitoneally (i.p.)),

and a 1 cm midline incision was made on the anterior

abdomen. The cecum was exposed and ligated below the

ileocecal junction without causing bowel obstruction. A

single puncture was made through the cecum using a 30- or

18-gauge needle to induce moderated septic injury (MSI) or

severe septic injury (SSI), respectively. Pressure was applied

(the cecum was squeezed) to allow cecal contents to be

expressed through the puncture. The cecum was placed back

in the abdomen cavity, and the peritoneal wall and skin

incision were closed. All animals received 1 ml of sterile

isotonic saline subcutaneously (s.c.) immediately after the

surgery. Sham-operated animals (controls) underwent iden-

tical laparotomy but without cecum ligation and puncture.

Neutrophil migration to the peritoneal cavity

Animals were killed in a CO2 chamber and the cells present in

the peritoneal cavity were harvested by introducing 1.5 ml of

phosphate-buffered saline (PBS) containing 1 mM ethylene-

diaminetetraacetic acid (EDTA). Total cell counts were

performed using a Coulter Ac T series analyzer (Coulter

Corp., Miami FL, USA). Differential cell counts were carried

out on cytocentrifuge slides (Cytospin 3; Shandon Southern

Products, Astmoore, UK) stained by the May-Grünwald-

Giemsa (Rosenfeld) method (Laborclin, Pinhais, Pr, Br). The

results are expressed as number of neutrophils per cavity.

Measurement of leukocyte rolling and adhesion to the mesenteric

microcirculation by intravital microscopy

Leukocyte parameters were examined as described previously

(Fortes et al., 1991). Briefly, mice were anaesthetized with

tribromoethanol (250 mg kg�1 i.p.) and the mesenteric tissue

was exposed for microscopic examination. The animals were

maintained on a special board thermostatically controlled at

371C. Images were registered on a video recorder with a long-

distance objective lens (�40) with a 0.65 numerical

aperture. Vessels selected for study were third-order venules,

defined according to their branch-order location within the

microvascular network. These vessels corresponded to post-

capillary venules, with a diameter of 12–18 mm. Rolling

leukocytes were defined as those white blood cells that

moved at a lower velocity than erythrocytes in the same

stream and were determined at 10-min intervals. Adherent

leukocytes were considered as those white blood cells that

remained stationary on the venular endothelium at the end

of observation. The venular area in which the adhesion
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process was determined varied from 350 to 450 mm2, and the

results were expressed as the number of adherent leukocytes

per 100 mm2 of venule (Alves-Filho et al., 2006a). Time points

selected to determine rolling (2 h) and adhesion (4 h) were

based on previous studies, where it was demonstrated that

rolling and adhesion respectively peak at these times after

injection of inflammatory stimuli (Secco et al., 2003; Freitas

et al., 2006).

Bacterial counts in the blood

Animals were killed in a CO2 chamber and the blood was

collected by cardiac puncture under sterile conditions. Bac-

terial count was assessed as described previously (Godshall

et al., 2002). Briefly, 10 ml of blood from each animal was

plated on a Muller–Hinton agar dishes and incubated at

371C. Colony forming units (CFU) were analysed after 24 h

and the results were expressed as median of log CFU per ml

of blood.

Effects of UA on phagocytosis and bacterial killing by neutrophils

Mice were pretreated with sterile isotonic saline or UA and

injected i.p. with 1 ml of thioglycollate (3%) to obtain

peritoneal neutrophils. The peritoneal cells were harvested

6 h later by washing the cavities with RPMI-1640 medium.

Cell viability (Trypan blue exclusion) was 498% and the

population consisted of macrophages and neutrophils, with

the latter representing 485% of total leukocytes. Cells were

cultured for 1 h at 371C in antibiotic-free RPMI-1640, and the

non-adherent cells (494% neutrophils) were collected.

Phagocytosis was measured by incubating these neutro-

phils (1�106 cells ml�1) with cecal bacteria (1� 107 CFU) at

371C with cecal shaking. After 90 min, the cells were washed

with PBS at 41C and centrifuged at 200 g (to remove

extracellular bacteria). Following this, cells were deposited

onto microscope slides, and cytocentrifuged at 200 g (Cyto-

spin 3). Cells were then fixed with methanol and stained by

the May-Grünwald-Giemsa (Rosenfeld) method (Laborclin,

Pinhais, Pr, Brazil). The number of neutrophils that had

ingested bacteria were counted under a phase contrast

microscope. Results are expressed as the percentage of

neutrophils that ingested bacteria.

Neutrophil killing was measured by incubating neutro-

phils (1�106 cells ml�1) with cecal bacteria (1� 106 CFU) at

371C for 3 h with mild shaking. At the end of this

incubation, samples were collected by centrifugation

(200 g) and lysed in 0.2% Triton X-100. Bacterial viability

was assessed by serial log dilutions and plating on Mueller–

Hinton agar dishes (Difco Laboratories, Detroit, USA). CFU

were counted after 12 h and the results expressed as number

of viable ingested bacteria (log CFU).

Determination of cytokine and chemokine levels

The animals were killed in a CO2 chamber; the cells present

in the peritoneal cavity were harvested by introducing 1.5 ml

of PBS containing 1 mM EDTA and the blood was collected by

cardiac puncture. The concentrations of tumour necrosis

factor-a (TNF-a) and MIP-1a were determined by using a

double-ligand enzyme-linked immunosorbent assay (ELISA).

For both peritoneal exudate and serum, the results are

expressed as pg ml�1.

Lung tissue myeloperoxidase activity

The neutrophil sequestration in the lung was measured by

measuring myeloperoxidase (MPO) activity as described

previously (Souza et al., 2000). Briefly, the animals were

killed in a CO2 chamber and the lungs perfused through the

right ventricle with 10 ml of saline. Following this, lung

tissue (50–100 mg) was harvested and homogenized in 2

volumes of ice-cold buffer (0.1 M NaCl, 20 mM Na-phosphate,

15 mM Na-EDTA, pH 4.7) and centrifuged at 800 g for 15 min.

The pellet was then subjected to hypotonic lysis (0.2% NaCl

solution followed 30 s later by the addition of an equal

volume of a solution containing 1.6% NaCl). After further

centrifugation, the pellet was re-suspended in 200 ml of

sodium phosphate buffer (50 mM, pH 5.4) containing 0.5%

H-TAB. MPO activity in the re-suspended pellet was assayed

using tetramethylbenzidine (1.6 mM) and H2O2 (0.5 mM) and

by measuring the change in absorbance at 450 nm. Results

are expressed as the mean of MPO activity (units per mg of

tissue).

Immunofluorescence assay for 3-nitrotyrosine

Immunofluorescence staining for 3-nitrotyrosine (3-NT) was

carried out in mesenteric tissue to count the numbers of

3-NT-positive leukocytes passing into the peritoneal exudate.

The mesentery was removed and washed in PBS and frozen.

Frozen serial sections were mounted on poly-L-lysine covered

glass slides. For immunofluorescence staining, glass slides

were defrosted for 30 min in a wet chamber at room

temperature, then fixed for 10 min in cold acetone 100%

(�201C) and washed in PBS. In addition, leukocytes from

animals of each group were harvested from the peritoneal

cavity by introducing 1.5 ml of PBS containing 1 mM EDTA.

Subsequently, cytocentrifuge slides were prepared (Cytospin

3), cells fixed with paraformaldehyde (4%) and frozen. For

immunofluorescence glass slides containing the mesenteric

tissues and leukocytes were defrosted for 30 min in a wet

chamber at room temperature.

The glass slides were further incubated for 90 min in a wet

chamber at room temperature with PBS containing 1%

bovine serum albumin (blockade buffer), washed and then

incubated overnight with anti-3-NT antibody (monoclonal

antibody; Upstate, Charlottesville, VA, USA; 1:200 dilution).

Subsequently, slides were washed 10 times and incubated at

room temperature for 1 h with a secondary antibody

conjugated with fluorescein isocyanate-FITC (diluted 1:400

in blockade buffer). Glass slides were then washed, mounted

using DAPI (Vector Laboratories, Burlingame, CA, USA) and

sealed with enamel.

Specificity of the antisera used in this study was examined

in each immunohistochemical experiment to assist with the

interpretation of the results. This was accomplished by

omission of the primary antibody to determine the back-

ground generated during the detection assay. The results of
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quantitative analysis are expressed as number of stained cells

present in the microscopic field (magnification �40).

Experimental protocols

Protocol 1. The animals were divided into seven groups:

sham, MSI, UAþMSI, SSI, UAþ SSI, SSIþUA and

SSIþ FeTPPs. Mice subjected to sham, MSI and SSI proce-

dures were pretreated (s.c.) with sterile isotonic saline 1 h

before CLP. The UAþMSI group was pretreated (s.c.) with UA

at doses of either 10 or 100 mg kg�1 1 h before sepsis

induction. The UAþ SSI group was pretreated with UA at

doses of 1, 10, 50, 100 or 300 mg kg�1, 1 h before CLP. The SSI

þ FeTPPs group was treated i.p. with FeTPPs at doses of 1, 5

or 15 mg kg�1, 15 min after CLP. Another group of animals

was treated with UA (100 mg kg�1) using a therapeutic

protocol, that is 6 and 18 h after severe sepsis induction

(SSIþUA). The following parameters were analysed: (a)

neutrophil migration into the peritoneal cavity 6 h after

septic injury and (b) survival rates of animals every 8 h up to

120 h after surgery.

Protocol 2. In an additional set of experiments, mice were

pretreated s.c. with a single dose of UA (100 mg kg�1) and 1 h

later the animals were subjected to the SSI procedure. The

leukocyte rolling and adhesion in the mesenteric micro-

circulation venules were determined 2 and 4 h respectively

after CLP. The number of bacteria in blood and cytokine

levels in both the peritoneal exudate and in serum was

evaluated 6 h after CLP. In addition, neutrophil sequestration

to the lung tissues measured as the tissue MPO activity and

immunofluorescence analysis of 3-NT in both the mesenteric

tissues and neutrophils were also assessed 6 h after CLP.

Protocol 3. Mice were pretreated s.c. with sterile isotonic

saline or with UA (100 mg kg�1). One hour later the animals

were injected i.p. with 1 ml of thioglycollate (3%), a cell

migration stimulus, and cells in the peritoneal cavity were

harvested 6 h later. The neutrophils obtained were incubated

in vitro with cecal bacteria for analysis of phagocytosis and

killing activity.

Protocol 4. Mice were divided into four experimental

groups, three groups were pretreated s.c. with sterile isotonic

saline or UA (100 mg kg�1). Fifteen minutes later, these

animals received an s.c. injection of either sterile isotonic

saline, 3-morpholinosydnonimine (SIN-1; 3 mg kg�1) or

S-nitroso-N-acetylpenicillamine (SNAP) (3 mg kg�1). After a

further 15 min, these animals were injected i.p. with

carrageenan (500 mg per cavity). The control (fourth) group

was injected i.p. with sterile isotonic saline. The leukocyte

rolling, adhesion and neutrophil migration were determined

after 2, 4 and 6 h respectively.

Statistical analysis

The data (except for the survival curves and bacterial counts)

are reported as the means7s.e.m. of values obtained

from two different experiments. The means of different

treatments were compared by multifactorial analysis of

variance (ANOVA), followed by Tukey’s test (EzANOVA:

http://www.sph.sc.edu/comd/rorden/ezanova/home.html,

Figure 1a) or one-way ANOVA. If significance was observed,

individual comparisons were subsequently subjected to a

Bonferroni’s test for unpaired values (GraphPad Prism Soft-

ware version 4, San Diego, CA, USA). Bacterial counts are

reported as median of log CFU and were analysed by a

Mann–Whitney U-test (GraphPad Prism Software version 4).

The survival rate was expressed as the percentage of live

animals, and a Mantel–Cox log-rank test was used to

determine differences between survival curves (GraphPad

Prism Software version 4). A P-valuep0.05 was considered

significant.

Drugs and reagents

Carrageenan, UA, SNAP and FeTPPs were purchased from

Sigma-Aldrich (St Louis, MO, USA) and SIN-1 was purchased

from Tocris Cookson (St Louis, MO, USA). All drugs used

were dissolved in sterile isotonic saline.

Results

Role of ONOO� in neutrophil migration and survival rate in sepsis

Initial experiments were performed to determine the role of

ONOO� in the failure of neutrophils to migrate to the site of

infection. For this, the ONOO� scavengers, UA or FeTPPs,

were given to mice at different doses. The results in Figure 1a

show that animals with MSI showed a marked migration of

neutrophils into the peritoneal cavity, compared with the

sham group. In contrast, the saline-pretreated mice with SSI

showed no accumulation of neutrophils in the peritoneal

cavity and the pretreatment of these animals with UA

Figure 1 ONOO� inhibition prevents the failure of neutrophil migration and improves survival rates in septic mice. Mice were subjected to
sham, moderate (MSI) or severe (SSI) injury after CLP, as described in the Methods section. (a) Neutrophil migration into the peritoneal cavity
was performed 6 h after CLP. Animals were pretreated s.c., with saline or with indicated doses of UA, 1 h before induction of SSI or with
indicated doses of FeTPPS, 15 min after SSI. The results are expressed as mean7s.e.m. of 10 animals per group. *Po0.001 compared to sham
group; #Po0.001 compared to MSI group; **Po0.05 compared to saline-pretreated mice with SSI (multifactorial ANOVA, followed by Tukey’s
test). (b) The mice were in sham or MSI groups. The MSI group were pretreated with saline or UA (10 or 100 mg kg�1) 1 h before the surgery.
(c) The mice were in sham or SSI groups. The SSI group were pretreated with saline or UA (100 mg kg�1) 1 h before the surgery or treated with
UA 6 and 18 h after SSI (100 mg kg�1). Another group of SSI was treated with FeTPPs, 15 min after surgery (5 mg kg�1). The survival rates of
animals were determined every 8 h until 120 h after CLP. Results are expressed as % survival (n¼6 animals per group). *Po0.01 compared
to MSI or SSI group (Mantel–Cox log-rank test). ANOVA, analysis of variance; CLP, cecal ligation and puncture; FeTPPS, 5,10,15,20-tetrakis
(4-sulphonatophenyl) porphyrinato iron(III); MSI, moderate septic injury; ONOO�, peroxynitrite; s.c., subcutaneously; SSI, severe septic injury;
UA, uric acid.
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restored in part, the neutrophil migration. A dose of

1 mg kg�1 was ineffective, whereas doses of 10, 50, 100 and

300 mg kg�1 were equally effective in restoring neutrophil

migration. We also evaluated the effect of another ONOO�

scavenger, FeTPPs, and found that this treatment also

partially reversed the failure of neutrophil migration

observed after SSI (Figure 1a).

We further investigated whether ONOO� scavengers could

affect the survival rate of mice. Figures 1b and c show the

survival curves of mice subjected to sham, MSI or SSI

Peroxynitrite and severe sepsis
D Torres-Dueñas et al 345
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procedures and the effect of pretreatment with UA. The

sham-operated group showed 100% survival throughout the

experimental period (120 h). The MSI group showed 100%

survival until 12 h after CLP, falling to 80% by 24 h and

remaining at 50% for the duration of the experiment. The

MSI animals pretreated with UA at doses of 10 or

100 mg kg�1 presented survival rates of approximately 70

and 80%, respectively (Figure 1b). The SSI group presented

only 30% survival at 12 h after CLP and subsequently

decreased to 10%. The mice pretreated with UA or treated

with FeTPPs presented nearly 40% survival 120 h after SSI

(Figure 1c). As preventive clinical intervention is not

routinely performed, we also performed a set of experiments

using a post-sepsis therapeutic treatment protocol. UA was

administered 6 and 18 h after induction of SSI and this post-

treatment increased survival as effectively as the pretreat-

ment regimen, nearly 40% (Figure 1c, open circles). Because

both the ONOO� scavengers used in this study (UA or

FeTPPs) showed similar improvements in survival rate and

neutrophil migration, and to avoid unnecessary use of

animals, all subsequent experiments were conducted with

only one scavenger, UA at a dose of 100 mg kg�1.

ONOO� inhibition improves endothelium–leukocyte interactions

To clarify the mechanisms by which ONOO� scavengers

preserve neutrophil migration, we investigated the effect of

UA on endothelium–leukocyte interactions (rolling and

adhesion) in mesenteric post-capillary venules. Pretreatment

with UA significantly enhanced leukocyte rolling and

adhesion in mice with SSI (UAþ SSI), compared with mice

pretreated with saline (Figures 2a and b, respectively). These

results suggest that ONOO� inhibited the endothelium–

leukocyte interactions and consequently could mediate the

failure of neutrophil migration.

Effect of ONOO� on bacterial spread in sepsis

The bacterial load in blood samples obtained from saline-

pretreated mice subjected to SSI was significantly higher

than that observed in the MSI group (Figure 3). In contrast,

the pretreatment of the SSI group with UA significantly

reduced the bacterial count in blood compared with the

count in blood from mice with SSI and pretreated with

saline.

Effect of UA on phagocytosis and neutrophil killing

Experiments were carried out to evaluate the in vitro capacity

of neutrophils, obtained from UA or saline-pretreated mice,

to engulf cecal bacteria. Neutrophils from saline-pretreated

(control) or UA-pretreated (100 mg kg�1) mice exhibited a

similar phagocytic activity (Figure 4a). The subsequent

killing of bacteria by neutrophils was then examined.

Neutrophils from mice pretreated with UA displayed a

significant decrease of killing activity when compared with

control (Figure 4b). These results indicate that pretreatment

with UA did not affect the phagocytic activity, but

diminished the killing activity of neutrophils.

Role of ONOO� on the systemic inflammatory response

Figure 5 shows cytokine concentrations (TNF-a and MIP-1a)

in peritoneal exudates (panels a and c) and serum (panels b

and d) of mice after CLP-induced sepsis. The peritoneal

exudate and serum concentrations of TNF-a and MIP-1a were

significantly increased in saline-pretreated mice with SSI,

when compared to the MSI group. Animals pretreated with

UA showed diminished concentrations of cytokines in

serum, but did not present significant changes in the

cytokine levels in peritoneal exudates, demonstrating that

efficient neutrophil recruitment and consequent control of

infection reduces the development of a SIR.

Neutrophils have been implicated as a source of mediators

directed towards acute lung injury; therefore, lung neutro-

phil sequestration was assessed by the MPO assay. As shown

in Figure 5e, the SSI group pretreated with saline presented

an increase in MPO activity as compared to the MSI group.

The pretreatment with UA significantly diminished MPO

Figure 2 ONOO� inhibition improves the endothelium–leukocyte
interactions. Mice were in sham, MSI and SSI groups. The leukocyte
rolling (a) and adhesion (b) were evaluated by intravital microscopy
in the mesentery 2 and 4 h after CLP, respectively. Animals were
pretreated, s.c., with saline or UA (100 mg kg�1) 1 h before SSI. The
results are expressed as mean7s.e.m. of five animals per group.
*Po0.001 compared to sham group; #Po0.001 compared to MSI
group; **Po0.05 compared to saline-pretreated mice subjected to
SSI (ANOVA, followed by Bonferroni’s test). ANOVA, analysis of
variance; CLP, cecal ligation and puncture; MSI, moderate septic
injury; ONOO�, peroxynitrite; s.c., subcutaneously; SSI, severe
septic injury; UA, uric acid.
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activity in the lung tissue in mice subjected to severe sepsis

(UAþ SSI) when compared to mice pretreated with saline

and subjected to SSI.

Role of ONOO� in 3-NT formation in mesentery (emigrating

leukocytes) and in leukocytes in the peritoneal exudate of mice

with sepsis

Mice subjected to SSI and saline pretreatment presented a

significant enhancement of 3-NT-positive leukocyte num-

bers in mesenteric tissue compared with sham-operated

animals (Figure 6a). In neutrophils from the peritoneal

exudates more 3-NT fluorescence was observed in SSI mice

compared with sham or MSI mice (Figures 6c vs b or d). UA

pretreatment of mice subjected to SSI resulted in a significant

decrease of 3-NT-positive cells counts in both mesentery

(Figure 6a) and peritoneal leukocytes (Figure 6e), as com-

pared to the saline-pretreated mice subjected to SSI.

Role of ONOO� in rolling, adhesion and migration

To demonstrate the selective scavenger effect of UA on

ONNO� and exclude any possible effect by NO, we used a

specific ONOO� donor (SIN-1) and a specific NO donor

Figure 3 ONOO� inhibition reduces bacterial count in blood from
mice with sepsis. Mice were in sham, MSI and SSI groups. Bacterial
count in blood was determined 6 h after CLP. Animals were
pretreated, s.c., with saline or UA (100 mg kg�1) 1 h before SSI.
Results are expressed as median of log CFU per ml of blood, (n¼5
animals per group). *Po0.05 compared to Sham group; #Po0.05
compared to MSI group; **Po0.05 compared to saline-pretreated
mice subjected to SSI (Mann–Whitney U-test). CFU, colony forming
units; CLP, cecal ligation and puncture; MSI, moderate septic injury;
ONOO�, peroxynitrite; s.c., subcutaneously; SSI, severe septic
injury; UA, uric acid.

Figure 4 UA does not affect phagocytosis but decreases the killing activity of the neutrophil. Neutrophils of mice pretreated s.c. with saline
(control) or UA (100 mg kg�1) obtained from the peritoneal cavity after challenge with thioglycollate, were incubated in vitro with cecal
bacteria for analysis of phagocytosis (90 min) and killing activity (3 h). (a) Phagocytosis is expressed as percentage of neutrophils that ingested
bacteria (n¼5 per group) and (b) killing activity, which was calculated as number of viable ingested bacteria (log CFU), n¼5, as described in
Methods section. *Po0.05 compared to RPMI; #Po0.05 compared to control (Mann–Whitney U test). CFU, colony forming units; ONOO�,
peroxynitrite; s.c., subcutaneously; UA, uric acid.
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(SNAP). For this, we used a non-infectious model of

inflammation induced by carrageenan. Animals pretreated

with saline or UA and post-carrageenan challenge presented

a significant leukocyte rolling, adhesion and neutrophil

migration (Figures 7a–c). However, in mice post-treated with

either SIN-1 or SNAP and challenged with carrageenan, there

was a decrease in the neutrophil recruitment when com-

pared to carrageenan-treated mice in the absence of NO or

ONOO� donors (saline). Moreover, in mice treated with

SIN-1 and carrageenan challenged but pretreated with UA,

there was a reversal of the inhibitory effect of SIN-1 treatment.

In contrast, UA pretreatment was unable to prevent the

Figure 5 ONOO� inhibition reduces the SIR and diminishes the neutrophil accumulation in lung in severe sepsis. Mice were in sham, MSI and
SSI groups after CLP. TNF-a and MIP-1a concentrations were quantified in the peritoneal exudate (a and c) and in serum (b and d) 6 h after
CLP. Animals were pretreated, s.c., with saline or UA (100 mg kg�1) 1 h before SSI. Results are expressed as mean7s.e.m. of five animals per
group. *Po0.05 compared to sham group; #Po0.05 compared to MSI group; **Po0.05 compared to saline-pretreated mice subjected to SSI
(ANOVA, followed by Bonferroni’s test). (Panel e), neutrophil sequestration in lung was assessed 6 h after CLP by the MPO assay in the lung
homogenates. Results are expressed as means of units of MPO activity per mg of tissue7s.e.m. of five animals per group. *Po0.05 compared
to sham group; #Po0.05 compared to MSI group; **Po0.05 compared to saline-pretreated mice subjected to SSI (ANOVA, followed by
Bonferroni’s test). ANOVA, analysis of variance; CLP, cecal ligation and puncture; MIP-1a; macrophage inflammatory protein-1a; MPO,
myeloperoxidase; MSI, moderate septic injury; ONOO�, peroxynitrite; SIR, systemic inflammatory response; SSI, severe septic injury; TNF-a,
tumour necrosis factor-a; UA, uric acid.
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inhibitory effect of SNAP treatment on carrageenan-induced

neutrophil migration.

Discussion

The present study demonstrates for the first time that a

reduction of neutrophil/endothelium cell interaction and

consequently the failure of neutrophil migration observed in

CLP-induced severe sepsis were partially mediated by

ONOO�. Pretreatment of septic mice with UA, an ONOO�

scavenger (Whiteman and Halliwell, 1996), improved neu-

trophil rolling, adhesion and migration and, as a conse-

quence, decreased bacterial counts in the circulation.

Moreover, a reduced SIR determined by circulating cytokine

levels and neutrophil sequestration into lung tissue was

observed, and consequently an enhanced survival rate.

Similarly, FeTPPs, a more specific ONOO� scavenger with

minimal superoxide dismutase (SOD) mimetic activity

(Jensen and Riley, 2002) also improved neutrophil migration

and enhanced the survival rate.

Neutrophils are the first cells to migrate to sites of

infection, where they kill microorganisms by producing

ROS and RNS, and as a result, prevent bacteria dissemination

and host death (Yamashiro et al., 2001). In fact, severe

experimental sepsis induced by polymicrobial infection

(Benjamim et al., 2000; Torres-Duenas et al., 2006) or

inoculation with S. aureus (Crosara-Alberto et al., 2002), is

Figure 6 UA pretreatment reduces 3-NT in mesentery (emigrating leukocytes) and in peritoneal exudates leukocytes of septic mice. Mice
were in sham MSI and SSI groups after CLP. (Panel a): The count of positive leukocyte number for 3-NT in histopathological sections from
mesentery was evaluated 6 h after CLP. Animals were pretreated s.c., with saline or UA (100 mg kg�1) 1 h before SSI. Results are expressed as
means of stained 3-NT-immunofluorescent cells per field7s.e.m. of 25 fields per section. *Po0.05 compared to MSI group; **Po0.05
compared to saline-pretreated mice subjected to SSI (ANOVA, followed by Bonferroni’s test). In (b) sham) (c) SSI, (d) MSI and (e) UAþ SSI the
exudate cells obtained from peritoneal cavity 6 h after CLP were immunofluorescence stained for 3-NT (green) and DAPI (blue nuclear marker).
The pre-treatments with saline or UA (100 mg kg�1, s.c.) were performed 1 h before SSI. The arrows point to 3-NT staining. ANOVA, analysis of
variance; CLP, cecal ligation and puncture; MSI, moderate septic injury; 3-NT, 3-nitrityrosine; s.c., subcutaneously; SSI, severe septic injury; UA,
uric acid.
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associated with the failure of neutrophils to migrate to the

site of infection. Furthermore, neutrophils obtained from

septic patients have an attenuated migration response to

chemotactic mediators, when compared to neutrophils from

healthy control subjects (Tavares-Murta et al., 2002). One

mediator involved in this process is NO, released systemi-

cally by iNOS, whose production has been shown to

be stimulated by circulating cytokines and chemokines

(Radomski et al., 1990; Tavares-Murta et al., 2002). Pharma-

cological inhibition or genetic ablation of iNOS re-estab-

lishes neutrophil migration (Benjamim et al., 2002; Rios-

Santos et al., 2007; Torres-Duenas et al., 2006). Thus,

although the production of NO and cytokines/chemokines

at the infection site are relevant to the ability of leukocytes

to control an infectious insult (Fierro et al., 1999), their

systemic overproduction prevents neutrophil migration.

NO has the potential to induce both physiologic and

pathologic effects, a dichotomy that is well described in the

literature. The ability of NO to induce cellular pathology is

largely dependent on its conversion to ONOO�, a more

reactive nitrogen intermediate. The formation of ONOO� is

also dependent on levels of available O2
� � in the cellular

microenvironment into which NO is released (Beckman

et al., 1990). The formation of ONOO� has already been

described in sepsis (Wizemann et al., 1994; Szabó et al.,

1995). Furthermore, Gagnon et al. (1998) demonstrated that

human neutrophils and monocytes can produce and release

significant amounts of ONOO� in response to lipopolysac-

charide (LPS). Our data using ONOO� scavengers, demon-

strating significant protection from the severe sepsis-induced

mortality associated with enhanced neutrophil migration to

the infection focus, emphasizes the critical importance of

ONOO� as a mediator in these events. The fact that ONOO�

quenching, given as a post-treatment, was also able to

protect against CLP-induced mortality in severe sepsis,

suggests that ONOO� has deleterious effects on both the

early and delayed phases of sepsis.

Previously, we have demonstrated that the failure of

neutrophil migration in severe sepsis was a consequence of

a reduction in endothelium–leukocyte (rolling and adhe-

sion) interactions (Benjamim et al., 2002). Additionally, we

have demonstrated these events were prevented by inhibi-

tion of iNOS (Benjamim et al., 2002). Moreover, there is

evidence that ONOO� attenuates the increase in leukocyte

adhesion stimulated by LPS (Lelamali et al., 2001). In

this study, mice pretreated with UA, exhibited a recovery

in the neutrophil rolling, adhesion and migration and thus

presented a marked reduction of bacteria counts in the

circulation. The consequence of this was an increase in host

survival rate. Thus, ONOO� appears to mediate, at least in

part, the inhibitory effect of NO on neutrophil/endothelium

interaction in severe sepsis and consequently the failure of

neutrophil migration.

Besides neutrophil migration to the site of infection, the

phagocytic and microbicidal activities of the migrated cells

are fundamental to the restriction of the infection locally

(Baker and Huynh, 1995). In this study, we have demon-

strated that UA pretreatment did not affect phagocytic

ability, but partially inhibited the in vitro microbicidal

activity of neutrophils, suggesting that, although ONOO�

Figure 7 Uric acid pretreatment improves rolling, adhesion and
migration by selective inhibition of ONOO�. Leukocyte rolling (a)
and adhesion (b) were evaluated by intravital microscopy in the
mesentery 2 and 4 h after carrageenan challenge, respectively. (c)
Neutrophil migration into the peritoneal cavity was measured 6 h
after carrageenan challenge. The mice were pretreated s.c. with
saline or uric acid (UA; 100 mg kg�1). Fifteen minutes later these
animals received an s.c. administration of saline, SIN-1 (3 mg kg�1)
or SNAP (3 mg kg�1). After 15 min these animals were injected i.p.
with carrageenan (500mg per cavity). The control group was
injected i.p. with saline. The results are expressed as mean7s.e.m.
of ten animals per group. *Po0.05 compared to saline group;
**Po0.05 compared with mice pretreated with saline and injected
with carrageenan; #Po0.05 compared with mice pretreated with
saline and SIN-1 and injected with carrageenan (ANOVA, followed
by Bonferroni’s test). ANOVA, analysis of variance; i.p., intraper-
itoneally; ONOO�, peroxynitrite; s.c., subcutaneously; SIN-1, 1,3-
morphholinosydnonimine; SNAP, S-nitroso-N-acetylpenicillamine;
UA, uric acid.
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D Torres-Dueñas et al350

British Journal of Pharmacology (2007) 152 341–352



is not involved in neutrophil phagocytosis, it is important in

their microbicidal activity. These data are in accordance to

the earlier reports showing that ONOO� mediates the

microbicidal effect of NO against different strains of bacteria

(Hurst and Lymar, 1997; Umezawa et al., 1997). However,

there is an apparent contradiction in that the pretreatment

of septic mice with UA leads to a reduction of the infection.

A possible explanation for this anomaly is that the increase

in the neutrophil numbers sequestered to the peritoneal

cavity would counterbalance the reduction of their micro-

bicidal activity.

The production of chemokines/cytokines at infection sites

mediates leukocyte recruitment and activation (Huttenlocher

et al., 1995; Wagner and Roth, 2000). The levels of TNF-a
and MIP-1a in the peritoneal exudates of mice subjected to

severe sepsis were higher than those observed in animals

subjected to MSI and UA pretreatment did not affect the local

release of these chemotactic mediators. Thus, the failure of

neutrophil migration in severe sepsis is not due to the

deficiency in the production of inflammatory mediators at

the site of infection, reinforcing the premise that ONOO� is

primarily inhibiting neutrophil rolling and adhesion to

endothelial cells.

A SIR is considered to be the central deleterious pathogenic

event in severe sepsis. High levels of inflammatory cytokines

and chemokines in blood mediate the cardiovascular

collapse and multiple organ failure observed in severe sepsis

(Walley et al., 1996; Hotchkiss and Karl, 2003). In this

context, systemic neutrophil activation by cytokines/chemo-

kines promotes their infiltration into lung tissue, where they

play a central role in the pathogenesis of sepsis-related lung

injury (Fry et al., 1980; Abraham, 2003; Bhatia and

Moochhala, 2004). Consistent with the detrimental effect

of ONOO� in severe sepsis, pretreatment with UA reduced

the increase of TNF-a and MIP-1a in serum and lung

neutrophil infiltration, observed in the mice with SSI. These

results reconfirm that an efficient neutrophil recruitment

and consequent control of infection reduces the develop-

ment of systemic inflammatory response syndrome (SIRS).

The pathophysiological effect of ONOO� is a consequence,

at least in part, of its ability to promote protein nitration

(Beckman et al., 1990). In this study, we observed a

significant increase in 3-NT, a marker of protein nitration,

in transmigrated leukocytes in mesentery and also in cells

present in the peritoneal exudate of mice, after SSI. This was

significantly diminished by the pretreatment of the mice

with UA, demonstrating that the 3-NT formation in our

experimental model is a consequence of UA-sensitive,

ONOO�-driven nitration. To confirm the ability of UA to

neutralize ONOO� (Whiteman and Halliwell, 1996), we

analysed its capacity to prevent the inhibitory effect of SIN-

1, a ONOO� donor or SNAP, a specific NO donor (Holm et al.,

1998) on neutrophil peritoneal recruitment induced by

carrageenan. UA pretreatment blocked the inhibitory effect

of SIN-1 upon leukocyte rolling, adhesion and migration,

and was ineffective on these inhibitory effects of SNAP. These

results, apart from confirming that UA inactivates ONOO�,

suggest that NO is able to inhibits neutrophil migration by

mechanism(s) independent of ONOO� formation. The fact

that in SSI, pretreatment with UA only partially prevented

the failure of neutrophil rolling, adhesion and migration

(present study), whereas inhibitors of iNOS totally prevent

these phenomena (Benjamim et al., 2002) indicate that both

ONOO� and NO contribute to the loss of these neutrophil

functions.

In summary, the present study demonstrates, to our

knowledge for the first time, that ONOO� is involved in a

reduction of neutrophil rolling and adhesion and, conse-

quently, to the failure of neutrophils to migrate to the focus

of infection during severe sepsis. Importantly, we also show

that the inactivation of ONOO� avoids the spread of bacteria

and the SIRS and as a consequence, improves the survival

rate of mice with sepsis. Therefore, the development of

specific ONOO� antagonists has a potential therapeutic

value for the treatment of severe sepsis.
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