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Abstract

Arachidonic acid was investigated for its vascular permeabilizing potential in the rat peritoneal cavity and for its mechanism of action.
The antagonistic potential of antioxidants (vitamin E, vitamin C and troxerutin) was also evaluated. Vascular permeability was equated to the
rate of extravasation of Evans blue dye from plasma into the peritoneal cavity. Baseline permeability was linear up to 2 h, with a rate constant
(k) of 0.0031 +0.0007 h™'. Intravenous arachidonate (from 30 pg/kg to 3 mg/kg) induced an immediate, dose-related and significant
increase in permeability (ranging from 80% to 150%), which was comparable to the effect induced by similar doses of serotonin. Aspirin (10
mg/kg) reduced the arachidonate-induced permeability by 75%, but interestingly neither the stable thromboxane A, receptor agonist U46619
(prostaglandin H, endoperoxide epoxymethane) nor prostacyclin was able to increase peritoneal vascular permeability. In contrast, the
permeabilizing action of arachidonic acid was very sensitive to antioxidant agents. Thus, vitamin C and the flavonoid compound troxerutin
(100 mg/kg) fully abolished arachidonate-induced permeability, whereas vitamin E had only a partial effect (40—100% inhibition). In
conclusion, intravenous administration of arachidonic acid strongly enhanced peritoneal vascular permeability in the rat, apparently via free

radical generation. This rat peritoneal model can be used to evaluate the in vivo antinflammatory potential of antioxidant drugs.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Increased capillary permeability leading to tissue edema
and cell infiltration is a major component of any inflamma-
tory reaction, which relies at least partly upon the generation
of reactive oxygen species (Kubes and Gaboury, 1996; Gute
et al., 1998). These reactive oxygen species can induce the
liberation of arachidonic acid, an important inflammatory
permeabilizing agent (Seeger et al., 1987; Rao et al., 1993;
Martinez and Moreno, 2001). Arachidonic acid is itself able
to generate reactive oxygen species (Caccese et al., 2000;
Woo et al.,, 2000). Thus, in rat pial venular capillaries,
arachidonic acid increases cerebral microvascular perme-
ability by free radical formation and subsequent lipid
peroxidation (Easton and Fraser, 1998). However, even if
the role of reactive oxygen species in the actions of

* Corresponding author. Tel.: +33-1-4981-9425; fax: +33-1-4981-
9426.
E-mail address: garayperso@aol.com (R.P. Garay).

arachidonic acid has been clearly demonstrated, the vascular
permeabilization induced by this agent could also result
from its metabolites, at least in some vascular territories.
Thus: (i) in the lipopolysaccharide-induced dental pulpal
inflammation model in the rat, the increase in vascular
permeability is not mediated by arachidonic acid itself, but
by prostaglandin E, and prostacyclin (Okiji et al., 1989); (ii)
in isolated rabbit lungs, arachidonic acid increases vascular
permeability via peptidoleukotriene formation (Seeger et al.,
1987); and (iii) thromboxane A, receptor activation
increases microvascular permeability in rat lung, kidney
and spleen but not in rat brain, liver, mesentery, and cardiac
and skeletal muscle (Bertolino et al., 1995).

Shi et al. (1995) found that lipophilic antioxidants were
particularly effective in preventing arachidonic acid-induced
lipid peroxidation and associated permeability changes in
bovine brain microvessel endothelial cell monolayers. These
authors proposed this primary culture model as a useful in
vitro system to evaluate mechanisms through which medi-
ators of disease or injury states compromise blood—brain
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barrier integrity (Shi et al., 1995). Here, we adapted a
previously developed in vivo model (Brunet et al., 1998)
to further assess how arachidonic acid induces increases in
vascular permeability, i.e., by measuring the rate of extrav-
asation of Evans blue from plasma into the rat peritoneal
cavity. Using this technique, we investigated whether arach-
idonic acid, prostacyclin and/or thromboxane can per se
increase capillary permeability. The finding that only arach-
idonic acid, and not the metabolites tested, was able to
increase rat peritoneal permeability prompted us to inves-
tigate the antagonistic potential of aspirin (an inhibitor of
cyclooxygenase), nordihydroguaiaretic acid (a lipoxygenase
inhibitor) and a number of antioxidants (vitamin E, vitamin
C and the flavonoid troxerutin).

2. Materials and methods
2.1. Animals

Male Wistar rats weighing 300—-350 g were purchased
from CERJ (Le Genest, St. Isle, France). Upon arrival, the
animals were allowed to adapt to a humidity- and temper-
ature-controlled room for at least 2 days. They were fed on a
standard diet and tap water ad libitum. All animals received
care in compliance with the principles of the European
Community guidelines for ethical animal care and the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
85-23, revised 1985).

2.2. Measurement of peritoneal vascular permeability

Peritoneal vascular permeability was determined accord-
ing to Brunet et al. (1998) with minor modifications. Rats
were anesthesized with sodium pentobarbital (100 mg/kg,
i.p.), after a 10- to 15-min premedication with ketamine (50
mg/kg, i.p.), and maintained at an external temperature of
28—32 °C throughout the experiment with a heating blan-
ket. A polyethylene catheter (PE50) was inserted in the
jugular vein and used for injections; another catheter was
inserted in the carotid for blood sampling. The experimental
procedure was initiated after a 10-min stabilization period.

Ten to fifteen minutes before the start of peritoneal
sampling, 28 ml saline (NaCl 0.9%, pre-equilibrated at 37
°C) was gently injected into the peritoneal cavity, via a
needle inserted through the right abdominal side (this needle
remained in place throughout the experiment). Five to ten
minutes later, Evans blue (MW 961) was injected through
the jugular catheter: 1.0 pl/g body weight of a 50 mg/ml
saline solution, yielding 50—-80 OD[620 nm] for initial
plasma readings. At these concentrations, 5- to 10-fold
higher than those in Brunet et al. (1998), Evans blue
peritoneal extravasation was linear up to 2 h, a condition
required to establish cumulative dose—response curves to
arachidonic acid.

One minute after Evans blue injection, a venous blood
sample (0.7 ml) was collected via the catheter to measure
initial levels of Evans blue in plasmas, and peritoneal
samples were collected every 5 min (0.7 ml) or every 10
min (1.4 ml) (see Section 3). Additional blood samples were
collected at the middle (60 min, unless otherwise indicated)
and at the end of the experiment (120 min, unless otherwise
indicated). All samples were microcentrifuged (1 min,
12,000 rpm), and peritoneal and plasma supernatants were
diluted twofold and 200-fold, respectively. Evans blue
content was quantified by reading the optical density at
620 nm with a spectrocolorimeter (Perkin-Elmer, Fremont,
CA, USA).

Evans blue extravasation rate constants (in h™ ') were
calculated as follows. For each 5 (or 10) min time frame, the
slope of Evans blue absorbance as a function of time was
calculated and divided by the corresponding plasma level
(as derived by exponential interpolation between the appro-
priate plasma samples).

At the end of the experiment, the macroscopic integrity
of the abdominal cavity was visually checked by opening
the abdomen.

2.3. Treatment protocols

All drugs were administered intravenously (100 + 100 pl
saline so as to empty the needle and the catheter; the
injection time was 30 s to 1 min). When given preventively,
drugs were injected through the jugular catheter, 10—15 min
before the start of the experiment. For cumulative dose—
response curves (usually five doses), the test molecule was
injected at 21, 41, 61, 81 and 101 min (see Fig. 1).

Sodium arachidonate, serotonin, prostacyclin and the
thromboxane A, receptor agonist U46619 (prostaglandin
H, endoperoxide epoxymethane) were investigated for their
vascular permeabilizing actions, in cumulative dose—
response experiments. Preliminary dose—response experi-
ments with potential arachidonate antagonists allowed us to
select doses of test compounds. Thus, aspirin was tested at 3,

600 1
AA 3 mg/k

o 500 4 mg/kg
(=3
=4 200 4 AA 1 mg/kg ¢
x
E 300 A AA 0.3 mg/kg ¢
é AA 0.1 mg/kg
% 2001  Aac.03 mg/kg ‘ (),o’e/e
k]
<

100 - ¢ 0,656

060000 . )
0 30 60 90 120

Time [min]

Fig. 1. Vascular permeabilization induced by arachidonic acid in the rat
peritoneal cavity. The figure shows a typical experiment, where cumulative
doses of intravenous arachidonic acid (AA) increased the extravasation rate
of plasma Evans blue in the peritoneal cavity. Evans blue absorbance was
measured at 620 nm (see Section 2).
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10 and 20 mg/kg, nordihydroguaiaretic acid was tested at 10
and 100 mg/kg, and the antioxidants vitamin E, vitamin C
and troxerutin were tested at the single dose of 100 mg/kg.

2.4. Compounds

Sodium arachidonate from porcine liver (99% purity)
was purchased from Sigma (St. Louis, MO, USA). U46619
was from Biomol (Plymouth Meeting, PA, USA). Troxer-
utin was kindly provided by Laboratoires NEGMA (Magny-
les-Hameaux, France). All other compounds were from
Sigma or from InterChim (Montlucon, France). Aspirin
was neutralized with NaOH.

2.5. Statistical analysis

Results are expressed as means = S.E.M. of n experi-
mental determinations. Statistical analysis of the data was
performed by using an analysis of variance (ANOVA)
program and two-tailed Student’s z-tests.

3. Results

3.1. Peritoneal vascular permeabilization by arachidonic
acid

Evans blue was intravenously injected and the rate
constant for its extravasation toward the peritoneal cavity
(k) was determined as described in the Section 2. Arach-
idonic acid was tested in this model, either preventively or
in cumulative intravenous doses.

Fig. 1 shows a typical experiment, where cumulative doses
of arachidonic acid (i.v. bolus, from 30 pg/kg to 3 mg/kg)
induced a pronounced, dose-dependent acceleration of Evans
blue extravasation. In six different experiments, a significant
increase in vascular permeability was already observed at the
dose of 30 pg/kg of arachidonic acid (5.3 £0.8 vs.
2.6+0.2x10° h™ ! in controls; P<0.05, Student’s t-test),
whereas a maximum value of 7.2 £0.7 x 10> h™' was
reached with 3 mg/kg of arachidonic acid.

For comparison, we tested the reference permeabilizing
agent serotonin (5-HT). In four different experiments, 5-HT
induced a maximal permeability increase of 9.5 + 0.7 x 10°
h™ ' at the dose of 100 pug/kg (against 3.1 + 0.6 x 10> h™
in controls; intravenous 5-HT doses higher than 100 pg/kg
produced cardiorespiratory distress). Therefore, the 177%
maximal increase in permeability with arachidonic acid
compared well with the 206% permeability increase with
5-HT.

Non-cumulative, preventive administration of arachi-
donic acid (15 min) in different rats (n=23 per dose) induced
modestly higher permeabilizing effects (5—30%) as com-
pared with arachidonic acid given in cumulative doses.
Thus, a single intravenous bolus of 0.1 mg/kg arachidonic
acid increased k to 6.3 + 0.9 x 107> h™ ! (baseline value=

3.1+0.7 h™ "), whereas the dose of 1 mg/kg yielded 9.3 +
1.8x 107 h™' (compare with Fig. 1). Therefore, the
agonist potential of compounds (prostacyclin and U46619)
was evaluated using cumulative dose—response curves (to
reduce the number of rats, to increase the number of agonist
doses and to ensure a more reproducible test of agonist
drugs). Conversely, experiments to evaluate the antagonist
potential of compounds (aspirin, nordihydroguaiaretic acid
and anti-oxidants) were done with compounds given pre-
ventively (15 min) in non-cumulative doses.

3.2. Inhibitors of arachidonic acid metabolism

3.2.1. Aspirin

Preliminary experiments showed that (i) aspirin parti-
ally antagonized the permeability responses to arachidonic
acid, and (ii) aspirin per se did not induce changes in
basal peritoneal capillary permeability (preventively given
aspirin 10 mg/kg, baseline kg, was 2.9 £1.3 wvs.
3.140.7x107° h™', n=8 per group of rats). To
increase the experimental precision, a 120-min period
was used to measure vascular permeability after a single
dose of arachidonic acid (1 mg/kg), with aspirin given
preventively (15 min before) in different groups of rats.
Fig. 2 (top) compares the vascular permeabilization pro-
duced by arachidonic acid given alone (single intravenous
bolus of 1 mg/kg) and given 15 min after three doses of
intravenous aspirin (3, 10 and 20 mg/kg; n=6). It can
be seen that aspirin dose dependently and significantly
antagonized by 70-80% the permeabilizing action of
arachidonate.

3.2.2. Nordihydroguaiaretic acid

The lipoxygenase inhibitor nordihydroguaiaretic acid
(NDGA) was tested for its ability to prevent the peritoneal
vascular permeabilization induced by arachidonic acid
(from 30 pg/kg to 3 mg/kg, n=3). Fig. 2 (bottom) shows
the effect of preventive administration of intravenous
NDGA (100 mg/kg bolus i.v., 15 min before successive
intravenous doses of arachidonic acid). It can be seen that
NDGA fully abolished the peritoneal vascular permeabili-
zation produced by arachidonic acid.

In another set of experiments, 10 mg/kg NDGA given
preventively inhibited by 70% the permeabilizing effect of
arachidonic acid (1 mg/kg, n=3, P<0.05), supporting the
idea that NDGA 100 mg/kg achieved its maximal effect.
Finally, it is interesting to mention that pretreatment of rats
with both aspirin (10 mg/kg) and NDGA (10 mg/kg)
completely inhibited the arachidonic acid response (n=3,
P<0.05).

3.3. Arachidonic acid metabolites
To evaluate the potential contribution of thromboxane A,

receptors, we investigated the permeabilizing potential of
U46619, a stable thromboxane A, receptor agonist. Intra-
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Fig. 2. Top: Partial prevention by aspirin of vascular permeabilization
induced by arachidonic acid (AA) in the rat peritoneal cavity. Intravenous
aspirin was preventively given 15 min before an intravenous bolus of 1 mg/
kg arachidonic acid (n=6). Permeability values were normalized as
percentage of baseline, to reduce interindividual variation. Aspirin dose
dependently and significantly antagonized by 70—-80% the permeabilizing
action of arachidonate (P=0.0035, one factor ANOVA analysis followed
by Scheffe’s F-test comparing with arachidonic acid alone; * indicates
P<0.05). Bottom: Blockade by nordihydroguaiaretic acid (NDGA) of the
permeabilizing action of arachidonic acid (AA, from 30 pg/kg to 3 mg/kg).
Intravenous NDGA 100 mg/kg was preventively given 15 min before
different intravenous doses of arachidonic acid (n=3). *P<0.05 vs.
NDGA +the same arachidonic acid dose (two-tailed Student’s r-test).
NDGA fully abolished the peritoneal vascular permeabilization induced by
arachidonic acid.

venous U46619 was acutely given in cumulative bolus
doses, from 1 to 100 pg/kg (n=4). Fig. 3 (top) shows that
U46619 was unable to increase peritoneal capillary perme-
ability over the range of concentrations tested. In contrast,
high intravenous doses of U46619 induced a modest, non-
significant decrease in vascular permeability (one-factor
ANOVA analysis, Fig. 3, top).

Fig. 3 (bottom) shows that acute intravenous adminis-
tration of prostacyclin (30 and 300 pg/kg, n=3) induced
also a slight decrease in peritoneal vascular permeability, a
decrease which reached statistical significance at 300 pug/kg
prostacyclin ( —40%).

3.4. Antioxidants

Three classical antioxidants (vitamin E, vitamin C and
the flavonoid troxerutin) were tested for their ability to
antagonize the vascular permeabilization induced by arach-
idonic acid (30 pg/kg to 3 mg/kg). All compounds were
given preventively (100 mg/kg bolus i.v., n=3-4). Fig. 4
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Fig. 3. Top: Lack of permeabilizing potential of U46619, a stable
thromboxane A, receptor agonist. Intravenous U46619 was acutely given
in cumulative bolus doses, from 1 to 100 pg/kg (n=4). High intravenous
doses of U46619 induced a modest, non-significant decrease in vascular
permeability (one factor ANOVA analysis vs. baseline). Bottom: Lack of
permeabilizing potential of prostacyclin. Intravenous prostacyclin induced
a slight decrease in peritoneal vascular permeability (n=3), which
reached statistical significance at 300 png/kg prostacyclin ( P=0.023, one-
factor ANOVA analysis followed by Scheffe’s F-test comparing with
vehicle; * indicates P<0.05).

shows that all three antioxidants strongly reduced (or even
abolished) the permeabilizing response to arachidonic acid.
At each arachidonate dose, all compounds induced statisti-
cally significant actions (P <0.05, for the sake of clarity,
statistical significance is not represented). The order of
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Fig. 4. Prevention by antioxidants (vitamin E, vitamin C and the flavonoid
troxerutin) of vascular permeabilization induced by arachidonic acid (AA)
in the rat peritoneal cavity. Compounds were given preventively (100 mg/
kg i.v. bolus, n=3-4). At each arachidonic acid dose, all compounds
induced statistically significant antagonistic actions (P <0.05; for the sake
of simplicity, statistical significance was not represented). Vitamin C and
troxerutin were the most effective, abolishing the permeabilizing responses
at all arachidonic acid doses, whereas vitamin E was 40-80% effective
after arachidonic acid >0.1 mg/kg.
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potency was the following: vitamin C>troxerutin>vitamin
E. Neither vitamin C or vitamin E nor troxerutin modified
baseline k values (0.0045 + 0.0006, 0.0023 £ 0.0004 and
0.0027 £+ 0.0004 h™ ', respectively).

4. Discussion

Intravenous administration of arachidonic acid strongly
enhanced peritoneal vascular permeability in the rat, an
effect blocked by pretreatment with antioxidant compounds
(troxerutin and vitamins C and E). Neither thromboxane A,
nor prostacyclin was responsible for the permeabilizing
action of arachidonic acid. These results are in line with
the observation of Easton and Fraser (1998), that arachi-
donic acid increases cerebral microvascular permeability in
rat pial venular capillaries by the formation of free radicals
and subsequent lipid peroxidation.

In previous studies (see for instance Unterberg et al.,
1987; Easton and Fraser, 1998), micromolar concentrations
of circulating arachidonate were needed to increase vascular
permeability (30-300 pM, depending on the molecular
weight of the tracer used). This can be explained by the
fact that serum albumin possesses multiple (=20) high-
affinity sites for arachidonic acid, with K, in the micro-
molar range, a feature explaining most of the anti-permea-
bilizing effects of albumin in vivo (Beck et al., 1998). Here,
Evans blue (961 Da) was used as permeability marker, a
molecule bigger than fluorescein (332 Da, the marker used
by Unterberg et al., 1987) or Lucifer yellow (476 Da; used
by Easton and Fraser, 1998), but smaller than the commonly
used albumin or dextran derivatives. Although it is difficult
to be precise about the actual amounts of arachidonic acid
reaching receptor targets under our experimental conditions,
we can expect that intravenous bolus doses of 0.03—3 mg/
kg would yield plasma arachidonate concentrations in the
micromolar range (3—300 pM assuming 10 ml plasma
volume, for a 320-g rat).

Vascular permeabilization induced by arachidonic acid
was mostly inhibited by aspirin (70%), suggesting the
participation of cyclooxygenase. However, neither U46619
nor prostacyclin was able to reproduce the permeabilizing
action of arachidonic acid. Moreover, data from the liter-
ature further suggested that the vascular permeabilization
induced by arachidonic acid is not due to a cyclooxygenase
metabolite. Thus, Bertolino et al. (1995) showed that U-
46619 increased the vascular leakage of albumin in rat lung,
but not in rat mesentery. Moreover, prostacyclin and other
vasodilator prostaglandins, such as prostaglandin E,, acti-
vate adenylate cyclase, an effect known to reduce capillary
permeability and to dampen the permeabilizing effects of
inflammatory agonists such as bradykinin or platelet-aggre-
gating factor (Farmer et al., 2001; Irie et al., 2001).

It is well established that cyclooxygenase activity con-
tributes to free radical generation and lipid peroxidation (see
for example Chemtob et al., 1993; Roshchupkin and Mur-

ina, 1998). Thus, the reduction of arachidonate-dependent
vascular permeability induced by aspirin can be simply
explained by previous results (Shi et al., 1995; Easton and
Fraser, 1998) showing that arachidonic acid increases
microvascular permeability by the formation of free radicals
and subsequent lipid peroxidation. Therefore, at least part of
the free radical formation induced by arachidonic acid in our
rat model (about 70%) could be due to cyclooxygenase
activity. In this respect, it is important to note that arach-
idonic acid can induce free radical generation independently
of cyclooxygenase. Thus, it has been shown that arachi-
donic acid can directly “activate” NADPH oxidase (“pri-
ming”’), one of the key enzymes responsible for leukocyte
superoxide anion production (Dana et al., 1998; Daniels et
al., 1998). In addition, endothelial adhesion of activated
leukocytes can produce reactive oxygen species, which are
thought to participate in the capillary permeability increase.

In addition to cyclooxygenase, two other enzymatic
pathways metabolize arachidonic acid, the lipoxygenase
and the cytochrome P450 pathways. Aspirin may enhance
arachidonic acid metabolism by these competitive pathways
(Seeger et al., 1987; Samuelsson, 1991; Rao et al., 1993;
Ivey et al., 1998), particularly via a displacement toward
leukotrienes that exert permeabilizing effects. Such an effect
could explain the incomplete inhibition by aspirin in our
model. However, the permeabilizing effects of leukotrienes
in response to inflammatory agents usually develop late and
are leukocyte dependent (Stenson et al., 1986; Rao et al.,
1993; Lloret and Moreno, 1995; Wang et al., 1999). More-
over, it must be noted that two of these studies (Rao et al.,
1993; Lloret and Moreno, 1995) concluded that prostaglan-
dins had a role in the early response (mouse skin models).

The lipoxygenase inhibitor nordihydroguaiaretic acid
(NDGA) inhibited by 70% and 100% the permeabilizing
response to arachidonic acid at 10 and 100 mg/kg, respec-
tively. Although NDGA inhibits cyclooxygenase at high
concentrations (Hope et al., 1983; Salari et al., 1984), such
an effect is unlikely to explain our results since Chacur et al.
(2001) found NDGA to have selective lipoxygenase inhib-
itory actions in rats at 30 mg/kg, i.v. (see however, De
Matos et al., 1997; De Lima et al., 1992). Interestingly,
NDGA is not only a lipooxygenase inhibitor, but also a very
efficient free radical scavenger (Burba and Becking, 1969;
Robison et al., 1990). This latter property can explain the
inhibitory action found in our in vivo permeabilization
model.

Finally, other candidates are isoprostanes (in vivo non-
enzymatic products of free radical catalyzed peroxidation of
arachidonic acid, see Morrow et al., 1994), which can
directly modify the physical properties of membranes
(membrane fluidity and/or cellular Ca® " uptake). However,
isoprostanes seem unlikely candidates in our model, since
they do not increase capillary permeability, at least in
pulmonary vessels in response to ischemia—reperfusion
(Becker et al., 1998), and because direct membrane effects
of arachidonic acid usually require concentrations as high as
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50—100 pM, and in our case most circulating arachidonate
would be linked to albumin (see above).

In agreement with the above arguments, vitamin C and
troxerutin completely abolished arachidonate-induced vas-
cular permeability and vitamin E inhibited it by 40—100%
(depending on the dose of arachidonic acid used). These
results further revealed the role of reactive oxygen species,
rather than arachidonate metabolites.

Arachidonic acid is a mediator of capillary permeabiliza-
tion in response to several agents such as bradykinin,
thrombin, platelet-aggregating factor, venoms and also
ischemia—reperfusion (Balsa et al., 1997; Cirino, 1998;
Lugrin et al., 1996; Wang et al., 1999; De Araujo et al.,
2000). Moreover, vascular permeabilization is an essential
component of the inflammatory reaction, leading to tissue
edema and cell infiltration. Actually, most inflammatory
mediators increase vascular permeability, and pathophysio-
logical events able to trigger the inflammatory cascade, e.g.
sepsis, reperfusion injury or coagulation, are associated with
an increased capillary permeability. The determinant role of
arachidonic acid metabolites in inflammation is further
highlighted by the observation that their biosynthesis is
inhibited by most antiinflammatory agents.

As a consequence of the above properties, arachidonic
acid per se is very often used as a pro-inflammatory
mediator in experiments, either endogenously released
(e.g. in response to cellular Ca® " increase) or exogenously
given (Woo et al., 2000; Xing et al., 1997). Therefore, the
present rat peritoneal model can be used to evaluate the in
vivo anti-inflammatory potential of antioxidant drugs. The
technique is simple, precise and very reproducible. It can be
also used to test other permeabilizing agonists (5-HT for
instance) or antagonists.

In conclusion, intravenous administration of arachidonate
strongly enhanced peritoneal vascular permeability in the
rat, apparently via free radical generation. The permeabiliz-
ing action of arachidonate was blocked by pretreatment with
antioxidant compounds (troxerutin and vitamins C and E).
This rat peritoneal model can be used to evaluate the in vivo
antinflammatory potential of antioxidant drugs.

References

Balsa, D., Merlos, M., Giral, M., Ferrando, R., Garcia-Rafanell, J., Forn, J.,
1997. Effect of endotoxin and platelet-activating factor on rat vascular
permeability: role of vasoactive mediators. J. Lipid Mediators Cell
Signalling 17, 31-45.

Beck, R., Bertolino, S., Abbot, S.E., Aaronson, P.I., Smirnov, S.V., 1998.
Modulation of arachidonic acid release and membrane fluidity by albu-
min in vascular smooth muscle and endothelial cells. Circ. Res. 83,
923-931.

Becker, P.M., Sanders, S.P., Price, P., Christman, B.W., 1998. F2-isopros-
tane generation in isolated ferret lungs after oxidant injury or ventilated
ischemia. Free Radical Biol. Med. 25, 703-711.

Bertolino, F., Valentin, J.P., Maffre, M., Bessac, A.M., John, G.W., 1995.
TxA2 receptor activation elicits organ-specific increases in microvas-
cular permeability in the rat. Am. J. Physiol. 268, R366—-R374.

Brunet, J., Farine, J.C., Garay, R.P., Hannaert, P., 1998. Angioprotective
action of calcium dobesilate against reactive oxygen species-induced
capillary permeability in the rat. Eur. J. Pharmacol. 358, 213-220.

Burba, J.V., Becking, G.C., 1969. Effect of the antioxidant nordihydro-
guaiaretic acid on the in vitro activity of catechol-o-methyl transferase.
Arch. Int. Pharmacodyn. Ther. 180, 323-330.

Caccese, D., Pratico, D., Ghiselli, A., Natoli, S., Pignatelli, P., Sanguigni,
V., Tuliano, L., Violi, F., 2000. Superoxide anion and hydroxyl radical
release by collagen-induced platelet aggregation—role of arachidonic
acid metabolism. Thromb. Haemostasis 83, 485—-490.

Chacur, M., Picolo, G., Gutierrez, J.M., Teixeira, C.F., Cury, Y., 2001.
Pharmacological modulation of hyperalgesia induced by Bothrops asper
(terciopelo) snake venom. Toxicon 39, 1173-1181.

Chemtob, S., Roy, M.S., Abran, D., Fernandez, H., Varma, D.R., 1993.
Prevention of postasphyxial increase in lipid peroxides and retinal func-
tion deterioration in the newborn pig by inhibition of cyclooxygenase
activity and free radical generation. Pediatr. Res. 33, 336—340.

Cirino, G., 1998. Multiple controls in inflammation. Extracellular and
intracellular phospholipase A2, inducible and constitutive cyclooxy-
genase, and inducible nitric oxide synthase. Biochem. Pharmacol. 55,
105-111.

Dana, R., Leto, T.L., Malech, H.L., Levy, R., 1998. Essential requirement
of cytosolic phospholipase A2 for activation of the phagocyte NADPH
oxidase. J. Biol. Chem. 273, 441-445.

Daniels, 1., Lindsay, M.A., Keany, C.I., Burden, R.P., Fletcher, J., Haynes,
AP, 1998. Role of arachidonic acid and its metabolites in the priming
of NADPH oxidase in human polymorphonuclear leukocytes by peri-
toneal dialysis effluent. Clin. Diagn. Lab. Immunol. 5, 683—689.

De Araujo, A.L., De Souza, A.O., Da Cruz-Hofling, M.A., Flores, C.A.,
Bon, C., 2000. Bothrops lanceolatus (Fer de lance) venom induces
oedema formation and increases vascular permeability in the mouse
hind paw. Toxicon 38, 209-221.

De Lima, W.T., Sirois, P., Jancar, S., 1992. Immune-complex alveolitis in
the rat: evidence for platelet activating factor and leukotrienes as medi-
ators of the vascular lesions. Eur. J. Pharmacol. 213, 63—70.

De Matos, .M., Rocha, O.A., Leite, R., Freire, O., Maia, L., 1997. Lung
oedema induced by Tityus serrulatus scorpion venom in the rat.
Comp. Biochem. Physiol., Part C: Pharmacol., Toxicol. Endocrinol.
118, 143-148.

Easton, A.S., Fraser, P.A., 1998. Arachidonic acid increases cerebral micro-
vascular permeability by free radicals in single pial microvessels of the
anaesthetized rat. J. Physiol. 507, 541—-547.

Farmer, P.J., Bemier, S.G., Lepage, A., Guillemette, G., Regoli, D., Sirois,
P., 2001. Permeability of endothelial monolayers to albumin is in-
creased by bradykinin and inhibited by prostaglandins. Am. J. Physiol.
280, L732—-L738.

Gute, D.C., Ishida, T., Yarimizu, K., Korthuis, R.J., 1998. Inflammatory
responses to ischemia and reperfusion in skeletal muscle. Mol. Cell.
Biochem. 179, 169—-187.

Hope, W.C., Welton, A.F., Fiedler, O., Nagy, C., Batula, O., Bernardo, C.,
Coffey, J.W., 1983. In vitro inhibition of the biosynthesis of slow re-
acting substance of anaphylaxis (SRS-A) and lipoxygenase activity by
quercetin. Biochem. Pharmacol. 32, 367—-371.

Irie, K., Fujii, E., Ishida, H., Wada, K., Suganuma, T., Nishikori, T., Yosh-
ioka, T., Muraki, T., 2001. Inhibitory effects of cyclic AMP elevating
agents on lipopolysaccharide (LPS)-induced microvascular permeabil-
ity change in mouse skin. Br. J. Pharmacol. 133, 237-242.

Ivey, C.L., Stephenson, A.H., Townsley, M.I., 1998. Involvement of cyto-
chrome P-450 enzyme activity in the control of microvascular perme-
ability in canine lung. Am. J. Physiol. 275, L756—-L763.

Kubes, P.J., Gaboury, P., 1996. Rapid mast cell activation causes leukocyte-
dependent and -independent permeability alterations. Am. J. Physiol.
271, H2438—-H2446.

Lloret, S., Moreno, J.J., 1995. Effects of an antinflammatory peptide (anti-
flammin 2) on cell influx, eicosanoid biosynthesis and oedema formation
by arachidonic acid and tetradecanoyl phorbol application. Biochem.
Pharmacol. 50, 347-353.



M. Alvarez-Guerra et al. / European Journal of Pharmacology 466 (2003) 199-205 205

Lugrin, D., Chave, S., Raucoules, M., Grimaud, D.U., 1996. Transvascular
fluid exchange disturbed by capillary injuries. Ann. Fr. Anesth. Reanim.
15, 436—-446.

Martinez, I.J., Moreno, J., 2001. Role of Ca” *-independent phospholipase
A, on arachidonic acid release induced by reactive oxygen species.
Arch. Biochem. Biophys. 392, 257-262.

Morrow, J.D., Minton, T.A., Badr, K.F., Roberts II, L.J., 1994. Evidence
that the F2-isoprostane, 8-epi-prostaglandin F2 alpha, is formed in vivo.
Biochim. Biophys. Acta 1210, 244-248.

Okiji, T., Morita, 1., Sunada, 1., Murota, S., 1989. Involvement of arach-
idonic acid metabolites in increases in vascular permeability in ex-
perimental dental pulpal inflammation in the rat. Arch. Oral Biol. 34,
523-528.

Rao, T.S., Currie, J.L., Shaffer, A.F., Isakson, C., 1993. Comparative eval-
uation of arachidonic acid (AA)- and tetradecanoylphorbol acetate
(TPA)-induced dermal inflammation. Inflammation 17, 723—741.

Robison, T.W., Sevanian, A., Forman, H.J., 1990. Inhibition of arachidonic
acid release by nordihydroguaiaretic acid and its antioxidant action in
rat alveolar macrophages and Chinese hamster lung fibroblasts. Toxicol.
Appl. Pharmacol. 105, 113—-122.

Roshchupkin, D.I., Murina, M.A., 1998. Free-radical and cyclooxygenase-
catalyzed lipid peroxidation in membranes of blood cells under UV
irradiation. Membr. Cell. Biol. 12, 279-286.

Salari, H., Braquet, P., Borgeat, P., 1984. Comparative effects of indome-
thacin, acetylenic acids, 15-HETE, nordihydroguaiaretic acid and
BW?755C on the metabolism of arachidonic acid in human leukocytes
and platelets. Prostaglandins, Leukotrienes Med. 13, 53—-60.

Samuelsson, B., 1991. Arachidonic acid metabolism: role in inflammation.
Z. Rheumatol. 50 (Suppl. 1), 3-6.

Seeger, W., Menger, M., Walmrath, D., Becker, G., Grimminger, F., Neu-
hof, H., 1987. Arachidonic acid lipoxygenase pathways and increased
vascular permeability in isolated rabbit lungs. Am. Rev. Respir. Dis.
136, 964—972.

Shi, F., Cavitt, J., Audus, K.L., 1995. 21-Aminosteroid and 2-(amino-
methyl)chromans inhibition of arachidonic acid-induced lipid peroxida-
tion and permeability enhancement in bovine brain microvessel endo-
thelial cell monolayers. Free Radical Biol. Med. 19, 349—-357.

Stenson, W.F., Chang, K., Williamson, J.R., 1986. Tissue differences in
vascular permeability induced by leukotriene B4 and prostaglandin E2
in the rat. Prostaglandins 32, 5—-17.

Unterberg, A., Wahl, M., Hammersen, F., Baethmann, A., 1987. Perme-
ability and vasomotor response of cerebral vessels during exposure to
arachidonic acid. Acta Neuropathol. (Berlin) 73, 209—219.

Wang, M.M., Reynaud, D., Pace-Asciak, C.R., 1999. In vivo stimulation of
12(S)-lipoxygenase in the rat skin by bradykinin and platelet activating
factor: formation of 12(S)-HETE and hepoxilins, and actions on vas-
cular permeability. Biochim. Biophys. Acta 1436, 354—362.

Woo, C.H., Lee, Z.W., Kim, B.C., Ha, K.S., Kim, J.H., 2000. Involvement
of cytosolic phospholipase A,, and the subsequent release of arachi-
donic acid, in signalling by rac for the generation of intracellular reac-
tive oxygen species in rat-2 fibroblasts. Biochem. J. 348, 525-530.

Xing, M., Tao, L., Insel, P.A., 1997. Role of extracellular signal-regulated
kinase and PKC alpha in cytosolic PLA2 activation by bradykinin in
MDCK-D1 cells. Am. J. Physiol. 272, C1380—C1387.



	Vascular permeabilization by intravenous arachidonate in the rat peritoneal cavity: antagonism by antioxidants
	Introduction
	Materials and methods
	Animals
	Measurement of peritoneal vascular permeability
	Treatment protocols
	Compounds
	Statistical analysis

	Results
	Peritoneal vascular permeabilization by arachidonic acid
	Inhibitors of arachidonic acid metabolism
	Aspirin
	Nordihydroguaiaretic acid

	Arachidonic acid metabolites
	Antioxidants

	Discussion
	References


