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Abstract

We investigated the effect of two inhibitors of nitric oxide (NO) synthesis, Nw-nitro-L-arginine methyl ester (L-NAME) and

aminoguanidine, on lung inflammation caused by intestinal ischemia/reperfusion in rats. Relative to the sham-operated rats, intestinal

ischemia/reperfusion (ischemia: 45 min; reperfusion: 30 min, 2 and 4 h) induced neutrophil recruitment (increased myeloperoxidase

activity) and increased microvascular permeability (Evans blue dye extravasation) in the lungs and increased tumor necrosis factor (TNF)

levels in the serum (L-929 cytotoxicity assay). L-NAME given before the ischemia exacerbated neutrophil accumulation, plasma

extravasation, serum TNF and caused death of the animals, which was prevented by concomitant injection of L-arginine. Lung and

systemic effects of intestinal ischemia/reperfusion were not modified when L-NAME was given just before reperfusion. Treatment with

aminoguanidine inhibited plasma extravasation without affecting the other parameters evaluated. Dexamethasone reduced all the

parameters. Our results indicate that during intestinal ischemia/reperfusion both constitutive and inducible NO synthases are called to exert

a differential modulatory effect on lung inflammation and that maintenance of adequate levels of NO during ischemia is essential for the

animals survival.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction distress syndrome (Van Soeren et al., 2000). Data obtained
Abdominal trauma causing intestinal ischemia/reperfu-

sion may induce remote organ injury where the lung is the

first organ affected (Ito et al., 2003). Intestinal ischemia/

reperfusion is also associated to induction of systemic

inflammatory response, a fact that may indicate a casual

link between mediators released during systemic inflam-

mation and the pulmonary dysfunction in adult respiratory
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from experimental models of adult respiratory distress

syndrome showed that this syndrome is characterised by

pulmonary neutrophil accumulation and increased micro-

vascular leakage (Pelosi et al., 2000; Desai, 2002). It was

shown that neutrophil–endothelial cell adhesion may be a

rate-limiting step in the pathogenesis of pulmonary injury

induced by intestinal ischemia/reperfusion (Kuzu et al.,

2002). The mechanisms that regulate neutrophil accumula-

tion in the lungs and increased microvascular permeability

as well as those that exert protective effects against the

severity of such lung dysfunction are yet unclear. Many

inflammatory mediators are released during intestinal is-
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chemia/reperfusion, including tumor necrosis factor (TNF)

and nitric oxide (NO), both potential candidates to mediate

the pulmonary dysfunction elicited by intestinal ischemia/

reperfusion (Yamamoto et al., 2001; Koksoy et al., 2001;

Zhou et al., 2003).

The systemic inflammatory response following intestinal

ischemia/reperfusion is also mediated by NO. This molecule

seems to mediate hypotension, vascular hyporesponsiveness

to vasoconstrictor agents, mucosal intestinal injury, and may

contribute to lung microvascular injury (Squadrito et al.,

1994, 1997; Wang et al., 2001).

Ward et al. (2000) suggested that upon intestinal ische-

mia/reperfusion, unclear mechanisms are triggered in order

to reduce constitutive NO synthase activity (cNOS) and in

parallel, increase inducible NO synthase (iNOS), mediating

therefore, the increased microvascular injury of intestine and

lung. Thus, unbalanced levels of constitutive and inducible

NOS activity during intestinal ischemia/reperfusion are

suggested to be the main cause of lung dysfunction. Data

concerning the pharmacological effects of nitric oxide

inhibitors on the lung dysfunction in experimental adult

respiratory distress syndrome elicited by intestinal ischemia/

reperfusion are fragmentary. In the present study we com-

pared the effect of two inhibitors of NO synthesis, Nw-nitro-

L-arginine methyl ester (L-NAME) and aminoguanidine, on

lung inflammation and on the systemic inflammatory re-

sponse elicited by intestinal ischemia/reperfusion in rats.
2. Material and methods

2.1. Animal

Male Wistar rats weighing 180–200 g from our Depart-

mental animal facilities were used. The animals were

housed in temperature (21–23 jC) and humidity (45–

65%) and artificially lighted rooms on a 12 h light/12 h dark

cycle (lights on at 7:00 a.m.) with free access to food and

water. Animals were housed and used in accordance with

the guidelines of the Committee on Care and Use of

Laboratory Animal Resources of the Institute of Biomedical

Sciences, University of São Paulo; these guidelines are

similar to those of Canadian Council of Animal Care, Ca.

2.2. Intestinal ischemia/reperfusion rat model

Rats were anaesthetized with chloral hydrate (400 mg/kg,

i.p.). The superior mesenteric artery was exposed through a

midline abdominal incision and occluded using a microsur-

gical clip (‘‘Vascu-statt’’ no. 1001–531, Scalan Internat,

MN, USA). After 45 min of arterial occlusion, the clip was

removed and intestinal perfusion established. The animals

were killed 30 min, 2 and 4 h later, still under anaesthesia by

exsanguination via the abdominal aorta. The control group

consisted of rats submitted to the same surgical procedures

including mesenteric artery dissection but not submitted to
the arterial occlusion (sham-operated). An additional group

of nonmanipulated rats was added to obtain normal values

of the variables studied.

2.3. Pulmonary myeloperoxidase activity

Neutrophil recruitment to the lung was assessed by

measuring the myeloperoxidase activity in lung tissue.

Samples of lung were obtained from rats killed 30 min, 2

and 4 h after intestinal reperfusion (see above) and pro-

cessed as described by Goldblum et al. (1985) and Warren et

al. (1990). The thorax was cut open and the lungs perfused

with saline heparinized (5 IU/ml) with phosphate-buffered

saline solution (PBS, pH 7.0) via the pulmonary artery

(Tavares de Lima et al., 1992). The whole lung was then

homogenized using a Brinkmann Tissue Homogenizer

(PolytronR) (1� 40 s, at a setting 30, using 3 ml/g of

PBS containing 0.5% of hexadecyl-trimethylammonium

bromide and 5 mM EDTA, pH 6.0). The homogenized

samples were sonicated (Vibra Cell-Sonics MaterialsR) for
3� 2 min at 40 Hz and then centrifuged at 37,000� g for 15

min. Lung myeloperoxidase activity was measured in the

supernatant by the method described by Henson et al.

(1978). Briefly, the samples of lung homogenates were

incubated with H2O2 and ortho-dianisidine and after 15

min the reaction was stopped by the addition of NaNO3

(1%) and the absorbance determined at 460 nm.

2.4. Pulmonary microvascular leakage

Pulmonary vascular permeability was assessed by Evans

blue dye extravasation as described by Sirois et al. (1988).

In brief, Evans blue dye (25 mg/kg) was given intravenously

to rats 5 min before the animals were killed. At different

times after reperfusion commenced (30 min, 2 and 4 h), the

rats were killed, the lungs perfused as described above and

two samples of lung parenchyma removed. Both were

weighed and then one was placed in formamide (4 ml/g

wet weight) at 20 jC for 24 h and the other was put to dry in

oven (60 jC) till constant weight. The concentration of

Evans blue dye extracted in formamide was determined by

spectrophotometry at a wavelength of 620 nm using stan-

dard dilution of Evans blue in formamide (0.3–100 Ag/ml).

The dry/wet ratio of each lung sample was determined

(index of edema) and used in the final calculation of Evans

blue extravasation which was expressed as Ag Evans blue/g

dry weight. The expression of the results as a function of dry

weight of tissue avoided underevaluation of changes due to

edema.

2.5. Quantification of tumor necrosis factor (TNF) activity

TNF activity was quantified in the rat serum by bioassay

using L-929 cells based on the method described by Flick

and Gifford (1984). After intestinal reperfusion, samples of

blood were collected from the abdominal aorta. The samples



Fig. 1. Lung myeloperoxidase activity following intestinal ischemia/

reperfusion (I/R). Groups of rats were submitted or not (sham-operated)

to intestinal ischemia (45 min) and at different times after reperfusion (30

min, 2 and 4 h) the myeloperoxidase activity was measured in lung

homogenates. Basal values were obtained from nonmanipulated rats. Data

are expressed as meanF S.E.M. from 10 experiments. *P< 0.05 comparing

the experimental versus sham-operated group; xP< 0.05 comparing sham-

operated versus basal.
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were centrifuged (170� g, 10 min) and the serum obtained

stored at � 70 jC. TNF activity was assayed by the addition

of 50 Al of serum, serially diluted (twofold dilutions) into 96-

well plates, with L-929 cells (2.5� 106 cells/well), in pres-

ence of actinomycin D (final concentration 5 Ag/ml). The

plates were incubated overnight. The degree of lyses of L-

929 cells was assessed by staining with crystal violet (0.05%

in methanol 10%) for 15 min, followed by rinsing of the

plates with distilled water and drying. Methanol (10%) was

then added to each well to dissolve the stain, and absorbance

was read at 620 nm on a Microplates Reader (Bio-Tek

Instruments). The TNF titre (units/ml) was defined as the

reciprocal of the dilution that induces 50% of lyses of L-929

cells. The data were homogenized using a probit analysis.

2.6. Pharmacological treatments

Groups of rats were treated 60 min before induction of

intestinal ischemia with the NOS inhibitors, aminoguanidine

(15, 50 and 150 mg/kg, i.v.) or L-NAME (5, 10 and 30 mg/

kg, i.v.). In a parallel study, L-arginine (300 mg/kg, i.p.) was

given together with L-NAME. In another group of rats, the

L-NAME (30 mg/kg, i.v.) was given immediately after

induction of intestinal ischemia. Another group of rats was

treated with dexamethasone (2 mg/kg, i.v.), 60 min before

intestinal ischemia. A group of 2 h sham-operated rats was

treated with L-NAME (30 mg/kg, i.v.), aminoguanidine (50

mg/kg, i.v.) or dexamethasone (2 mg/kg, i.v.) 60 min before

gut manipulation.

2.7. Statistical analysis

Data are expressed as meanF standard error of mean

(S.E.M.). Comparisons between the groups were made by t-

test after analysis of variance (GraphPad Software V. 2.01,

Graphpad Instatk). Values of P < 0.05 were considered

significant.
3. Results

3.1. Acute lung injury induced by intestinal ischemia/

reperfusion

The level of myeloperoxidase activity in pulmonary

tissue was taken as a marker of neutrophil sequestration into

the lungs after intestinal ischemia/reperfusion. As can be

seen in Fig. 1, a significant increase in lung myeloperoxidase

activity was observed at 2 and 4 h of reperfusion following

ischemia compared to the sham-operated animals. Levels of

lung myeloperoxidase activity of sham-operated rats were

significantly increased compared to those of nonmanipulated

(Basal levels) but only at 2 h after manipulation.

The protocol used in this study of 45 min intestinal

ischemia followed by reperfusion caused increased pulmo-

nary microvascular leakage, assessed by Evans blue dye
extravasation. Fig. 2 shows the extravasation, measured

over a period of 5 min before the indicated times. A

significant extravasation was observed already at 30 min

of reperfusion and was still present after 4 h. In sham-

operated rats, the levels of Evans blue dye extravasation

were similar to the basal levels measured in the lungs of

nonmanipulated rats.

3.2. Systemic effects of intestinal ischemia/reperfusion

Fig. 3 shows that following intestinal ischemia/reperfu-

sion, TNF activity was markedly increased in serum after 2

and 4 h, with the peak value at 2 h. The sham-operated rats

also showed a small increase in TNF activity at 2 h in

comparison to the nonmanipulated rats (basal levels), but

these values were significantly lower than those of the

intestinal ischemia/reperfusion group.

3.3. Pharmacological studies: effect of NO synthase

inhibitors and dexamethasone

Groups of rats were treated with dexamethasone (2 mg/

kg, i.v.), 60 min before ischemia induction. After 2 h of

reperfusion, the myeloperoxidase activity (A) and Evans

blue dye extravasation (B) were determined in lung homo-

genates and TNF activity was measured in the serum (C).

Groups of sham-operated rats were similarly treated.

Fig. 4A shows that the increased pulmonary myeloper-

oxidase activity caused by intestinal ischemia/reperfusion

was significantly reduced (about 50%) by pretreatment with

dexamethasone. Sham-operated rats were not affected by

this treatment (nontreated: 0.095F 0.01; treated: 0.072F
0.01). Dexamethasone also reduced (about 20%) the in-

creased plasma extravasation in the lung induced by intes-

tinal ischemia/reperfusion (Fig. 4B). The values of Evans

blue dye extravasation obtained in sham-operated rats did

not significantly change after this treatment (nontreated:



Fig. 4. Effect of dexamethasone on the increased lung myeloperoxidase

activity (A) and microvascular permeability (B) and on serum TNF levels

(C) following ischemia/reperfusion (I/R). Groups of rats were treated or not

with dexamethasone (2 mg/kg, i.v.) 60 min before induction of intestinal

ischemia (45 min). The above parameters were evaluated 2 h after the

reperfusion. Data are expressed as meanF S.E.M. from 5 to 10 experi-

ments. *P < 0.05 comparing the dexamethasone-treated with the nontreated

Fig. 2. Lung vascular permeability following intestinal ischemia/reperfu-

sion (I/R). Groups of rats were submitted or not (sham-operated) to

intestinal ischemia (45 min) and after different times of reperfusion (30 min,

2 and 4 h) the Evans Blue dye was measured in fragments of lung

parenchyma. The dye was injected 5 min before the indicated times. Basal

values were obtained from nonmanipulated rats. Data are expressed as

meanF S.E.M. from 10 experiments. *P< 0.05 comparing the experimen-

tal versus sham-operated group.
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35.37F 4.5; treated: 30.69F 3.0). The levels of TNF after

dexamethasone treatment were reduced about 30% in rats

subjected to intestinal ischemia/reperfusion (Fig. 4C).

The same protocol of treatment was used for NO inhib-

itors, L-NAME and aminoguanidine. Fig. 5A shows the

effect of these treatments on myeloperoxidase activity and

Evans blue extravasation in pulmonary tissue and serum

TNF levels measured at 2 h after reperfusion. L-NAME

treatment (Fig. 5A) caused a dose-dependent exacerbation

of lung myeloperoxidase activity (by about twofold relative

to control group, at 10 mg/kg and threefold at 30 mg/kg),

whereas aminoguanidine did not affect the increased lung

myeloperoxidase activity induced by intestinal ischemia/

reperfusion (Fig. 5B). Treatment with L-NAME (30 mg/

kg, i.v.) or aminoguanidine (50 mg/kg, i.v.) did not modify

the lung myeloperoxidase activity in the sham-operated rats

(nontreated: 0.095F 0.01; L-NAME: 0.083F 0.01; amino-

group.

Fig. 3. Serum TNF levels following intestinal ischemia/reperfusion (I/R).

Groups of rats were submitted or not (sham-operated) to intestinal ischemia

(45 min) and after different times of reperfusion (30 min, 2 h and 4 h) the

TNF activity was evaluated in the serum. Basal values were obtained from

nonmanipulated rats. Data are expressed as meanF S.E.M. from 10 to 15

experiments. *P < 0.05 comparing the experimental versus sham-operated

group; xP< 0.05 comparing sham-operated versus basal group.
guanidine: 0.100F 0.017). The Evans blue dye extravasa-

tion was exacerbated (about 50% increase) already with the

dose of 5 mg/kg of L-NAME and remained elevated at doses

of 10 and 30 mg/kg (Fig. 5C). Contrarily, aminoguanidine

inhibited the increased vascular permeability which returned

to basal levels with the three doses used (Fig. 5D). Pulmo-

nary microvascular permeability levels in sham-operated

rats was not affected by L-NAME (30 mg/kg) or amino-

guanidine (50 mg/kg) treatments (nontreated: 35.37F 4.5;

L-NAME: 40.4F 1.1; aminoguanidine: 35.5F 3.5).

Fig. 5E shows that L-NAME treatment increased the

levels of TNF. This effect was observed with the higher

dose only. Aminoguanidine treatment failed to modulate the

levels of TNF at all doses utilized (Fig. 5F).

We then compared the effect of L-NAME given before

ischemia with L-NAME given immediately before the

reperfusion. Fig. 6A shows that L-NAME given before



Fig. 5. Effect of inhibitors of NO synthase on lung myeloperoxidase activity (A and B) and microvascular permeability (C and D), and on serum TNF levels (E

and F) following intestinal ischemia/reperfusion (I/R). Groups of rats were treated or not with L-NAME (5, 10 and 30 mg/kg, i.v.) or aminoguanidine (15, 50

and 150 mg/kg, i. v.) 60 min before induction of intestinal ischemia (45 min). The above parameters were evaluated 2 h after reperfusion. Data are expressed as

meanF S.E.M. from 10 to 15 experiments. *P < 0.05 comparing the treated groups with the nontreated groups.
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reperfusion did not change the levels of lung myeloperox-

idase activity in contrast to the exacerbated myeloperoxi-

dase activity found in the rats treated with L-NAME before

induction of intestinal ischemia. A similar pattern was

observed with microvascular permeability (Fig. 6B) and

serum TNF activity (Fig. 6C).

The rats submitted to intestinal ischemia/reperfusion all

survived till the end of the experimental protocol (45 min of

ischemia followed by 2 h of reperfusion). However, pre-

treatment with L-NAME (Fig. 7) before induction of intes-

tinal ischemia/reperfusion caused the death of the rats in a

manner dependent on the doses of L-NAME used. Mortality

was completely reversed by administration of L-arginine

given together with L-NAME. Animals treated with L-

NAME after reperfusion or with aminoguanidine, all sur-

vived after the intestinal ischemia/reperfusion.
4. Discussion

In this study, we have analysed the acute lung injury that

followed intestinal ischemia/reperfusion. The reason for the

study is that pulmonary dysfunction such as adult respira-
tory distress syndrome is commonly associated with intes-

tinal ischemia/reperfusion (Blaisdell et al., 1966; Van

Soeren et al., 2000). This model of adult respiratory distress

syndrome is characterised by increased microvascular leak-

age and pulmonary neutrophil infiltration (Hewett and Roth,

1993; Ashbaugh et al., 1967), systemic release of many

inflammatory mediators, including tumor necrosis factor

(TNF-a) and nitric oxide (NO) (Klosterhalfen and Bhard-

waj, 1998; Pugin et al., 1995; Yi and Ulich, 1992), cardio-

vascular shock, followed in many cases by multiple organ

failure, and death (Mayeux, 1997).

Adult respiratory distress syndrome-like syndrome can

be experimentally induced by intestinal ischemia/reperfu-

sion (Welling, 1996; Desai, 2002). In this study, the exper-

imental design used consisted of 45 min of superior

mesenteric artery occlusion (ischemia) followed by 30

min, 2 or 4 h of reperfusion, a protocol similar to that

described by Squadrito et al. (1997). The increased pulmo-

nary myeloperoxidase activity we observed is consistent

with the presence of neutrophils in the lung (Sun et al.,

1999; Takayama et al., 2001). However, we are unable to

say if the increased myeloperoxidase levels are due to

neutrophils sequestration in pulmonary microcirculation or



Fig. 6. Effect of the time of administration of L-NAME on the increased

lung myeloperoxidase activity (A) and microvascular permeability (B) and

on the serum TNF levels (C) following intestinal ischemia/reperfusion (I/

R). Groups of rats were treated with L-NAME (30 mg/kg, i.v.) 60 min

before induction of the intestinal ischemia (I) or just before reperfusion (R).

The above parameters were evaluated 2 h after the reperfusion. Data are

expressed as meanF S.E.M. from 10 experiments. *P< 0.05 comparing the

treated groups with the nontreated group.

Fig. 7. Effect of pretreatment with NO synthase inhibitors on the survival to

intestinal ischemia/reperfusion (I/R). Groups of rats were treated or not with

L-NAME (5, 10 and 30 mg/kg, i.v.), aminoguanidine (15, 50 and 150 mg/

kg, i.v.) or L-NAME (30 mg/kg, i.v.) plus L-arginine (300 mg/kg, iv.) 60

min before intestinal ischemia. Mortality was observed till 2 h after the

reperfusion. Data are expressed as the mean percentage of mortality from

10 to 18 experiments.

G. Cavriani et al. / European Journal of Pharmacology 494 (2004) 241–249246
its migration into the lung tissue or airways. Evans blue dye

extravasation measured under the conditions employed in

this study is indicative of increased vascular permeability

and positively correlates with edema development (Iglesias

et al., 1998). Moreover, the increased levels of serum TNF is

indicative of systemic inflammatory response.

Although NO is among the wide spectrum of mediators

released during intestinal ischemia/reperfusion, the effect of

NO on lung inflammation induced by intestinal ischemia/

reperfusion remains controversial (Ialenti et al., 1992; Miura

et al., 1996; Kubes and Granger, 1992; Guidot et al., 1995).

In this study, we showed that inhibition of NO synthesis by

L-NAME, a compound inhibiting both the constitutive and

inducible NO synthases (Chen et al., 2000), exacerbated the

lung inflammation (as assessed by plasma extravasation and
neutrophil infiltration) caused by intestinal ischemia/reper-

fusion. The lung myeloperoxidase activity was exacerbated

with 10 and 30 mg/kg, whereas the microvascular perme-

ability was exacerbated also with the dose of 5 mg/kg.

These results are suggestive of a differential sensibility of

these two pathological events to the effects of NO generated

by intestinal ischemia/reperfusion, pulmonary plasma ex-

travasation being more sensitive to NO effects than neutro-

phil recruitment. Tavaf-Motamen et al. (1998), using a more

selective inhibitor of the constitutive NOS, the compound

Nw-nitro-L-arginine (LNNA, Linas et al., 1997), in a similar

model of intestinal ischemia/reperfuson reported an accel-

erated establishment of plasma extravasation that was

accounted to neutrophil activation in the systemic compart-

ment. Turnage et al. (1998) reported that lung microvascular

leakage induced by intestinal ischemia/reperfusion is poten-

tiated by L-NAME.

When we used aminoguanidine, reported as being more

selective for inducible NOS (Griffiths et al., 1993; Wang et

al., 2001), we observed that it did not affect neutrophil

infiltration and it effectively abolished Evans blue dye

extravasation.

Taken together, these results suggest that (a) endogenous

NO can have proinflammatory or antiinflammatory effects;

(b) that different aspects of inflammation, such as micro-

vascular permeability and leukocyte infiltration, respond

differently to NO. The proinflammatory and antiinflamma-

tory effects of NO are probably also correlated with the

activity of the different isoforms, as suggested by results of

Tavaf-Motamen et al. (1998) with the constitutive endothe-

lial NOS playing an antiinflammatory role and inducible

NOS, as implied by our results, contributing relatively little

to neutrophil recruitment but more to the increased micro-

vascular permeability. An increased level of constitutive NO

synthase activity could be elicited by intestinal ischemia/

reperfusion process as increased shear stress and hypoxia,

characteristic of intestinal ischemia/reperfusion are known
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to stimulate endothelial NOS (Ward et al., 2000). This

stimulation of constitutive NOS may be seen as an attempt

to protect the circulation against the deleterious effects of

intestinal ischemia.

According to Tavaf-Motamen et al. (1998), an increased

activation of circulating neutrophils is required to induce

elevated pulmonary microvascular permeability following

intestinal ischemia/reperfusion. Activation of inducible

NOS providing high levels of NO in an oxidative milieu

such as that generated by activated neutrophils adhered to

endothelium would thus have proinflammatory effect. This

concept is compatible with our results with aminoguanidine

since it significantly reduced the Evans blue extravasation,

although it did not affect the increased lung myeloperox-

idase activity following intestinal ischemia/reperfusion.

The apparent separation between pulmonary vascular

permeability and neutrophil accumulation observed with

aminoguanidine was also observed with dexamethasone

treatment. Here the lung neutrophils (myeloperoxidase ac-

tivity) were drastically reduced (50%) but there was only a

small effect on dye extravasation (19%). Thus, a causal link

between increased microvascular permeability and neutro-

phil extravasation seems not to be likely, in this model at

least. These results would also imply that dexamethasone is

affecting systems other than those inhibited by aminogua-

nidine as the profiles of antiinflammatory effects were

clearly distinct. The effects of L-NAME, by contrast,

showed no distinction between neutrophil accumulation

and microvascular permeability, increasing both variables.

It would seem that a total absence of endogenous NO is

strongly deleterious to vascular integrity and indeed to

survival.

Moreover, extravasation of pulmonary Evans blue dye

occurred at similar levels when analysed 30 min, 2 or 4

h after reperfusion (see Fig. 2). In this context, at 30 min,

when pulmonary extravasation was already at maximal

levels, the lung myeloperoxidase activity was close to basal

levels (see Fig. 1). At 2 and 4 h after reperfusion when the

levels of myeloperoxidase activity were highly increased the

amount of dye extravased remained similar to 30 min. Thus,

these data suggest that the mechanisms that regulate the

lung plasma extravasation induced by the intestinal ische-

mia/reperfusion are triggered early and are maintained

throughout the period of reperfusion.

Treatment of sham-operated rats with NOS inhibitors or

with dexamethasone did not significantly modify lung

myeloperoxidase activity and pulmonary microvascular per-

meability. This indicates that the increased levels of lung

myeloperoxidase activity observed in sham-operated rats at

2 h after reperfusion (see Fig. 1) are not mediated by NO-

generating systems or by corticoid-sensitive mediators. One

speculation that might be of clinical relevance is that the

manipulation of the gut as occurs in exploratory surgery

might be a factor contributing to pulmonary inflammation.

The inhibition of both, constitutive and inducible iso-

forms of NOS, by L-NAME (10 and 30 mg/kg) treatment in
rats subjected to intestinal ischemia/reperfusion, caused an

exacerbated lung inflammation, concomitant to high mor-

tality rate; a fact that was not observed when rats were

treated with aminoguanidine at all doses utilized. Adminis-

tration of L-arginine to the rats pretreated with L-NAME

reversed the L-NAME-induced mortality. Therefore, the

constitutive lung NOS isoform seems to play a fundamental

role to counteracting the effects of intestinal ischemia/

reperfusion. In contrast, the NOS susceptible to inhibition

of aminoguanidine, likely exerts a proinflammatory effect.

Ward et al. (2000) suggested that the reduction of

constitutive NOS activity during the reperfusion is associ-

ated to the onset of pulmonary and intestinal microvascular

permeability. In our model, in contrast, the inhibition of both

isoforms during the reperfusion did not exacerbate lung

myeloperoxidase activity, Evans blue dye extravasation and

TNF levels (see Fig. 5) and did not cause animals death as

occurred when L-NAME was given before the intestinal

ischemia.

We showed the presence of TNF in the blood of rats

submitted to intestinal ischemia/reperfusion confirming the

development of systemic inflammation following intestinal

ischemia/reperfusion, corroborating previous findings (Kok-

soy et al., 2001). It was shown that TNF released during

intestinal ischemia/reperfusion contributes to the recruit-

ment of neutrophils to the lung (Caty et al., 1990; Koksoy

et al., 2001). In our study, pretreatment of the rats with L-

NAME increased the levels of TNF whereas pretreatment

with aminoguanidine had no effect. These findings would

indicate that during intestinal ischemia/reperfusion, NO

regulates the induction of TNF. Studies by Rahat et al.

(2001), demonstrated that NO increases the levels of mRNA

for TNF in the lungs of rats submitted to intestinal ischemia/

reperfusion, suggesting a role for NO on regulating TNF

transcription. It is also possible that the increased lung

inflammation induced by L-NAME would induce TNF from

additional cell sources.

In our experiments, we did not find association between

serum TNF levels and Evans blue extravasation. As ob-

served in Fig 2, intestinal ischemia/reperfusion induced

plasma extravasation as early as 30 min after reperfusion

and at this time serum TNF levels were undetectable which

suggests that other mediators are responsible for the in-

creased lung vascular permeability. Using a similar model of

lung inflammation, Ishii et al. (2000) demonstrated that in

bronchoalveolar lavage of rats subjected to the intestinal

ischemia/reperfusion, the increased levels of cytokine-in-

duced neutrophil chemoattractant (CINC-1) accounts for

increased pulmonary vascular permeability. Nevertheless,

in adult respiratory distress syndrome the involvement of a

wide range of mediators has been suggested in a recent

review by Bhatia and Moochhala (2004).

In conclusion, the results presented here indicate that

during intestinal ischemia/reperfusion both NOS isoforms,

constitutive and inducible are called to exert a differential

modulatory effect. Activation of constitutive NOS has a
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protective effect whereas activation of inducible NOS is

responsible for the pulmonary dysfunction. This can be

viewed as an adaptative response of the organism to the

stress generated by the intestinal ischemia/reperfusion

which modulates the vascular tone and the accumulation

and activation of neutrophils in the lung microvasculature.

Our studies also suggest that maintenance of adequate levels

of NO during ischemia is essential for the survival. Finally,

systemic administration of L-arginine could be used as

coadjuvant therapy in intestinal ischemia/reperfusion

patients.
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