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ABSTRACT:  We examined the effect of the antioxidant lazaroid U-74389F on acute
lung injury induced in rabbits by phorbol myristate acetate (PMA).  

Thirty minutes after receiving either U-74389F (15 mg·kg-1 i.v.) or U-74389F vehi-
cle, rabbits (n=60) were given PMA (60 µg·kg-1 i.v.).  PMA vehicle injected rabbits
(n=20) served as controls.  Over a 5 h period after PMA or PMA vehicle injection,
we measured arterial pH, arterial oxygen tension (Pa,O2), arterial carbon dioxide
tension (Pa,CO2), and the plasma concentration of the neutrophil chemoattractant
interleukin-8 (IL-8).  At postmortem, lungs were inspected for macroscopic injury
and examined histologically.  Malondialdehyde levels were assayed in lung tissue as
an index of lipid peroxidation.  In bronchoalveolar lavage (BAL), total and differ-
ential cell counts, protein and IL-8 concentrations were measured.

Compared to normal controls, rabbits challenged with PMA alone developed arte-
rial acidosis, hypercapnia and hypoxaemia, accompanied by significant rise in
plasma IL-8 concentration. U-74389F pretreated animals did not develop signifi-
cant arterial blood gas abnormalities and had significantly lower IL-8 concentra-
tion in plasma.  U-74389F did not prevent PMA-induced lipid peroxidation.  However,
macroscopic signs of lung injury and the degree of alveolar haemorrhage and pro-
tein extravasation were significantly less severe in pretreated rabbits than in those
given PMA alone.  In addition, U-74389F significantly reduced IL-8 concentration
and neutrophil number in BAL.  By histological assessment, 80% of lung neutrophils
were localized in alveolar spaces of animals receiving PMA alone.  Conversely, in
U-74389F pretreated animals, 75% of neutrophils were distributed within extra-
alveolar blood vessels and alveolar septa.

We conclude that lazaroid U-74389F attenuates lung injury in rabbits given PMA
by preventing neutrophil migration into pulmonary alveoli.  This effect may, in
part, be related to downregulation of IL-8 production.
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Lazaroids (21-aminosteroids) are a group of nonglu-
cocorticoid analogues of methylprednisolone designed to
penetrate the hydrophobic domains of cell membranes
for the purpose of inhibiting lipid peroxidation [1, 2].  In
vivo efficacy of lazaroids has been documented in exper-
imental models of traumatic injury of the central nervous
system [3], ischaemia-reperfusion injury in a variety of
organs [4–6], and haemorrhagic shock [7].  Lazaroids were
also found to afford protection against E. coli-induced
lung injury in guinea-pigs [8], and bleomycin-induced
lung fibrosis in rats [9].

Recently published data indicate that lazaroids may
exert their protective actions by mechanisms other than
inhibition of lipid peroxidation.  For instance, it has been
shown that lazaroids possess a direct antioxidant activity
by scavenging hydroxyl radicals [10], and by inhibiting
production of oxygen radicals in human neutrophils stim-
ulated in vitro with phorbol myristate acetate (PMA) [8,
10].  Also, it has been reported that lazaroids are capable

of suppressing the expression of the neutrophil chemo-
attractant cytokine interleukin-8 (IL-8) in hyperoxia-
stimulated monocytes cultured in vitro [11].  The latter
finding may be therapeutically relevant because IL-8 has
been implicated in the pathogenesis of a number of neu-
trophil-mediated lung disorders, including idiopathic pul-
monary fibrosis [12, 13], and the adult respiratory distress
syndrome (ARDS) [14, 15].

In the present study, we tested the in vivo efficacy of
lazaroid U-74389F pretreatment in a rabbit model of neu-
trophil-dependent, acute lung injury induced by intra-
venous administration of PMA. In the rabbit, PMA
causes sustained neutropenia and thrombocytopenia, acute
respiratory distress, and haemorrhagic pneumonitis [16].
The latter resembles the histopathological lesions featur-
ing human ARDS, and is characterized by massive accu-
mulation of erythrocytes, leucocytes, and plasma proteins
in alveolar spaces, which occurs within 1.5–5 h of PMA
injection [16].
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We first evaluated whether lazaroid U-74389F could
attenuate lung injury and gas exchange impairment in
PMA-treated rabbits. In related experiments, we also  eva-
luated whether IL-8 is released in response to PMA chal-
lenge and whether IL-8 production is inhibited by lazaroid
U-74389F pretreatment.

Methods

Chemicals

Lazaroid U-74389F (21-[4-(2,6-di-1-pyrrolidinyl-4-pyri-
midinyl)-1-piperazinyl]-pregna-1,4,9 (11)-triene-3, 20-
dione monomethane sulphonate) was a gift from Upjohn
Company (Kalamazoo, MI, USA).  It was dissolved in
a citric acid solution (0.02 M citric acid monohydrate,
0.0032 M sodium citrate dihydrate, 0.077 M sodium
chloride, pH 3.0) immediately before intravenous (i.v.)
administration. Phorbol myristate acetate (12-O-tetra-
decanoyl/phorbol 13-acetate), purchased from Sigma
Chemical Co. (St Louis, MO, USA), was dissolved in
dimethylsulphoxide (DMSO) at a concentration of 2
mg·mL-1, and stored in 65 µL aliquots at -70°C until use.
Potency of each new batch of PMA was checked by mea-
suring superoxide anion production by neutrophils stim-
ulated in vitro with PMA.

Experimental protocol

Eighty unanaesthetized New Zealand albino rabbits,
weighing 2.0–2.5 kg, were used throughout the study.
The protocol was approved by the Institutional Animal
Care Committee.  In a first set of experiments, 50 rab-
bits were randomized into three groups as follows.  Ten
rabbits received an i.v. bolus of saline containing 65 µL
of DMSO (PMA vehicle) and served as normal controls.
Forty rabbits were challenged with PMA (60 µg·kg-1

i.v.).  Twenty of these were pretreated with U-74389F
(15 mg·kg-1 i.v.) 30 min before PMA.  A dose of 15 mg·kg-1

was chosen because, in preliminary experiments, it was
observed that U-74389F at 5 mg·kg-1 i.v. was ineffec-
tive in attenuating PMA-induced lung injury. In the
remaining 20 rabbits, PMA administration was preced-
ed 30 min earlier by an i.v. bolus of citric acid solution
(U-74389F vehicle).  Through an indwelling cannula,
positioned in a central ear artery, blood samples were
obtained under baseline conditions and at various time
intervals over a period of 5 h after DMSO or PMA injec-
tion.  The volume of blood withdrawn at any time was
replaced by an equal volume of saline.  Circulating leu-
cocytes in the blood were measured by means of a Coul-
ter counter (Coulter Corporation, Miami, FL, USA).
Arterial pH, arterial oxygen tension (Pa,O2) and arterial
carbon dioxide tension (Pa,CO2) were measured using an
IL-1302 apparatus (Instrumentation Laboratories, Milano,
Italy). By the end of the 5 h period of experimental
observation, the rabbits were deeply anaesthetized with
xylazine (5 mg·kg-1) and ketamine (25 mg·kg-1) admini-
stered intramuscularly, and were killed by exsanguina-
tion through the right carotid artery.  Their lungs were
excised, dissected free of major airways, blotted dry, and

weighed. To correct for differences in body mass, the
actual lung weight was normalized to body weight.

The macroscopic appearance of the lungs was noted
and graded on a 5-point scale as follows: 0=lungs usu-
ally pink in colour without signs of focal haemorrhage;
1=sparse foci of petechial haemorrhage; 2=numerous
foci of petechial haemorrhage scattered throughout all
lobes; 3=large, confluent haemorrhagic areas involving
one or more lobes; 4=bilateral haemorrhagic consolida-
tion usually accompanied by frothy oedema liquid ema-
nating from the airways. The macroscopic grading of
lung injury was made by a pathologist without know-
ledge of animal treatment.

Samples from the left lung were weighed and then
dried to constant weight in a microwave oven to calcu-
late the lung wet/dry weight ratio.  The right lung was
minced and homogenized in 10 vol of saline with a Poly-
tron PT-10 homogenizer (Kinematica, Luzern, Switzerland)
for measuring malondialdehyde (MDA) concentration, as
an index of lipid peroxidation.

An additional set of experiments was carried out to
further characterize the effect of U-74389F pretreatment
on the extent of PMA-induced lung injury by counting
the number of neutrophils in lung tissue sections and by
examining the cell and protein composition of bron-
choalveolar lavage (BAL).  Thirty rabbits were used for
this study, and were randomized into three groups (10
animals each) as described previously.  In these experi-
ments, arterial blood samples were also obtained under
baseline conditions, and at 1 h intervals up to 5 h after
DMSO or PMA administration, to measure IL-8 concen-
tration in the plasma. Blood samples (1 mL) were col-
lected in test tubes containing 20 µL of ethylenediamine
tetra-acetic acid (EDTA) and 40 µL of aprotinin, and
were centrifuged at 650 ×g for 10 min at 4°C.  The plas-
ma fraction was stored in aliquots at -70°C until assayed
for IL-8 concentration as described below.  All samples
were separated from the cellular fraction and frozen with-
in 20 min of being drawn.

By the end of the experiments, rabbits were anaes-
thetized and killed by exsanguination.  The trachea was
exposed and clamped shut.  The lungs were then removed
intact with the trachea, dissected free of other tissues,
and inspected for macroscopic signs of injury as described
above.  A plastic tube was inserted into the trachea and
the lungs were gently inflated with air until any sign of
atelectasis had gone.  A ligature was then placed around
the right main-stem bronchus, and 20 mL of ice-cold
phosphate-buffered saline was slowly instilled into the
left lung via the endotracheal tube.  The left lung was
turned upside down and the lavage liquid was allowed
to drain in a tared tube.  Recovery of the lavage liquid
averaged 63.9±0.9% of the instillate.  There was no sig-
nificant difference in the recovery of lavage liquid among
the three groups of animals (DMSO 64.3±1.4%; PMA
64.4±1.8%; U-74389F + PMA 63.0±1.0%).  The lavage
liquid was centrifuged at 650×g for 10 min at 4°C.  The
cellular sediment was resuspended in 1.5 mL of normal
saline and total cell counts (erythrocytes and leucocytes)
were performed with a Coulter counter.  Cytocentrifuge
preparations of suitably diluted aliquots of the cell sus-
pension were stained with May-Grünwald Giemsa, and
differential leucocyte counts were performed by identi-
fying at least 600 cells at ×1,000 (magnification under



oil).  The supernatant of the retrieved lavage liquid was
further centrifuged at 1,000×g for 10 min at 4°C to re-
move cell debris.  Aliquots of the final supernatant were
taken to measure protein concentration by the BCA Pro-
tein Assay (Pierce Chemical Co., Rockford, IL, USA)
using bovine serum albumin as a standard.  Additional
aliquots of the final supernatant were stored at -70°C
until assayed for IL-8 concentration as described below.

The right lung was fixed by intrabronchial infusion of
10% buffered formalin at a pressure of 20 cmH2O for
24 h.  Paraffin embedded 6–8 µm cross-sections of the
right lower lobe were stained with haematoxylin and
eosin for histological analysis.  Neutrophils within extra-
alveolar vessels (arterioles and venules), interalveolar
septa, and alveolar spaces were counted on 10 high-power
fields randomly selected from lung tissue sections.  Diffe-
rential cell counting in cytocentrifuge smears of BAL
and neutrophil counting in histological sections of lung
tissue were carried out by a pathologist without know-
ledge of the treatment received by the animals.

Analytical procedures

MDA in the lung tissue was assayed according to the
method of OHKAWA et al. [17] as thiobarbituric acid (TBA)
reacting substances (TBARS).  Briefly, small aliquots of
the lung homogenate (0.2 mL) were mixed with 0.2 mL
of 8.1% sodium dodecylsulphate, 1.5 mL of 20% acetic
acid (pH 3.5), and 1.5 mL of 0.8% aqueous solution of
TBA, and were heated at 95°C for 60 min.  After cool-
ing, the chromogen was extracted with n-butanol-pyri-
dine mixture (15:1 by volume), and its spectrum was
recorded over the 400–600 nm range to correct for pos-
sible background absorption due to the interference of
thermal or acid-catalysed decomposition of pre-existing
oxidation precursors [18].  TBARS concentration in the
lung was calculated from the absorption at 532 nm using
a molar extinction coefficient of 1.56·105 [19], and was
expressed as nmol·g-1 wet weight.

IL-8 concentration in plasma and in BAL was mea-
sured by means of a commercially available solid phase
enzyme amplified sensitivity immunoassay (EASIA)
performed on microtitre plates (IL-8 EASIA; Medgenix
Diagnostics, Fleurus, Belgium). This method is based
on the use of several monoclonal antibodies (MoAbs)
directed against distinct epitopes of IL-8; thereby, avoid-
ing hyperspecificity and allowing highly sensitive assays
with extended standard range and short incubation time.
Ninety six well polystyrene microtitre plates, precoated
with murine MoAbs directed against human IL-8, were
used. Human recombinant IL-8, in dilutions ranging
7–750 pg·mL-1, was used to generate a standard curve
for the assay.  After rinsing the wells with buffer solu-
tion, 100 µL of the standard or of the sample (plasma
or lavage liquid) were added in duplicate to the appro-
priate well.  Next, 50 µL of MoAbs labelled with horse-
radish peroxidase (HRP) were dispensed into all wells.
The plates were incubated at room temperature for 2 h
on a horizontal shaker and then washed three times with
400 µL of phosphate-buffered saline (PBS) containing
0.1% Tween to remove unbound HRP-labelled MoAbs.
Two hundred microlitres of the revelation solution (tetra-
methylbenzidine-hydrogen peroxide) were added to each

well, followed by a 30 min colour development stage at
room temperature.  The reaction was stopped by adding
50 µL of 1.8 N sulphuric acid per well.  Optical densi-
ties were determined within 10 min using a microtitre
plate-reading spectrophotometer (ETI-System Reader;
Sorin Biomedica, Saluggia, Italy) at 450 nm wavelength.
A four-parameter logistic function was used to construct
the standard curve, and IL-8 concentration in plasma and
in BAL was determined by interpolation on the standard
curve.  The limit of detection of IL-8 with this assay is
0.7 pg·mL-1.

Statistical analysis

The measured variables are reported in the text and in
the figures as means±standard error of the mean (SEM).
Nonparametric Mann-Whitney U-test, Chi-squared test
(exact Fisher's test), and paired t-test were used to deter-
mine statistical differences among the groups.  A p-value
lower than 0.05 was accepted as statistically significant.

Results

The administration of PMA resulted in severe leuco-
penia (90% decrease compared to baseline values) which
was not prevented by U-74389F pretreatment (fig. 1).
By 5 h after PMA injection, the circulating leucocyte
counts returned to within preinjection values (fig. 1).
DMSO injection had no effect on circulating leucocyte
counts.

When compared to DMSO-injected controls, rabbits
given PMA alone developed a significant decrease in
arterial pH, which reached a nadir at 120 min after PMA
injection as depicted in figure 2a. Significant arterial aci-
dosis persisted throughout the experiments.  Likewise,
significant and persistent hypoxaemia and hypercapnia
became evident by 120 min after PMA administration
(fig. 2b and 2c).
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Fig. 1.  –  Time-course of circulating leucocytes in DMSO-injected
rabbits (n=10;    ❍ ), PMA-injected rabbits (n=20;   ● ), and
rabbits pretreated with U-74389F 30 min before PMA administration
(n=20;    ❏ ).  Symbols at -60 min refer to measurements obtained
at baseline in the three groups.  Values are presented as mean±SEM.
Arrows mark the time-points at which U-74389F (15 mg·kg-1) and
PMA (60 µg·kg-1) were administered intravenously.  DMSO: dimethyl
sulphoxide; PMA: phorbol myristate acetate.
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At necropsy, the lung weight/body weight ratio in these
animals was greater than that of control rabbits, where-
as no difference was observed in the lung wet/dry weight
ratio (table 1). The latter finding reflects the inflamma-
tory nature of PMA-induced lung oedema characterized
by massive extravasation of blood cells and plasma pro-
teins [16].

As opposed to animals receiving PMA alone, rabbits
pretreated with U-74389F did not develop arterial aci-
dosis or hypercapnia (fig. 2a and c).  Transient arterial
hypoxaemia occurred in the first 2 h following PMA
administration, but the actual Pa,O2 values did not sig-
nificantly differ from those of DMSO-injected rabbits
(fig. 2b).

Although both the lung weight/body weight ratio and
the lung wet/dry weight ratio were comparable to those
of rabbits administered with PMA alone, the extent of
lung damage - as judged by gross inspection of the lungs
- was significantly less severe in rabbits pretreated with
U-74389F (table 1).  Indeed, 50% of the pretreated ani-
mals showed minimal macroscopic signs of lung injury
(score 0–1) as opposed to only 17% of the rabbits given
PMA alone (p=0.0053, by exact Fisher's test). In the lat-
ter group, 43% of the animals presented severe macro-
scopic lung damage (score 3–4).  Such severe lung injury
occurred only in 6 (20%) of the 30 rabbits pretreated
with U-74389F (p=0.0348, by exact Fisher's test).

TBARS concentration in the lung, taken as an index
of lipid peroxidation, was equally increased both in rab-
bits given PMA alone and in those pretreated with U-
74389F compared to DMSO-injected rabbits (table 1).

BAL data in the three groups of rabbits are reported
in table 2.  Compared to DMSO-injected controls, rab-
bits given PMA alone had a significantly higher number
of erythrocytes and leucocytes in the lavage liquid.
Likewise, the fraction of neutrophils in the lavage was
significantly increased over that of DMSO controls, as
was the protein concentration.  In rabbits pretreated with
U-74389F, the degree of alveolar haemorrhage and pro-
tein extravasation was significantly less severe than in
those challenged with PMA alone (table 2). Although
the total leucocyte counts were comparable to those of
rabbits given PMA alone, U-74389F pretreated animals
had a significantly lower fraction of neutrophils in the
lavage liquid (table 2). Indeed, the absolute number of
neutrophils·µL-1 of lavage liquid was reduced by ap-
proximately 60% in rabbits pretreated with U-74389F
compared to those receiving PMA alone (2687±625 vs
7765±1204; p<0.01).

Considering the three groups of animals together, there
was a significant, positive correlation between protein
concentration in the lavage and the fraction of lavage
cells that were neutrophils (n=30; r=0.87; p<0.001).

BAL findings were confirmed by histological exami-
nation of lung tissue specimens.  The cumulative number
of neutrophils in 10 randomly selected high-power lung
fields was significantly increased (p<0.001) both in rab-
bits given PMA alone (1203±100) and in those pretreated
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Fig. 2.  –  Time-course of: a) arterial pH; b) arterial oxygen tension
(Pa,O2); and c) arterial carbon dioxide tension (Pa,CO2) in PMA-inject-
ed rabbits (n=20;    ● ), and rabbits pretreated with U-74389F 30
min before PMA administration (n=20;    ❏ ).  Symbols at -60 min
refer to the arterial blood gas measurements obtained at baseline in the
two groups of animals. Values are presented as mean±SEM.  The stip-
pled areas refer to the normal range (mean±2SEM) of pH, Pa,O2, and
Pa,CO2 measured in DMSO-injected rabbits (n=10).  *: ≤p<0.05, by
Mann-Whitney U-test, between rabbits given PMA alone and DMSO-
injected controls at the time-points indicated; †: ≤p<0.05 between rab-
bits given PMA alone and those pretreated with U-74389F.  Arrows
mark the time-points at which U-74389F (15 mg·kg-1) and PMA (60
µg·kg-1) were administered intravenously.  For abbreviations see leg-
end to figure 1.

Table 1.  –  Postmortem measured variables in DMSO- and PMA-injected rabbits

Group Lung wt/body wt        Lung wet/dry wt            Lung injury               TBARS
ratio ratio                       score               nmol·g-1 lung

DMSO 3.98±0.10 5.37±0.06 0 103±6
PMA 6.04±0.49* 5.43±0.07 2.46±0.16* 159±8*
U-74389F 5.65±0.46* 5.39±0.12 1.77±0.21*† 156±7*
+ PMA

Values are presented as mean±SEM.  TBARS: thiobarbituric acid reactive substances; DMSO: dimethyl
sulphoxide; PMA: phorbol myristate acetate.  *: p<0001 versus DMSO; †: p<0.01 versus PMA (Mann-
Whitney U-test).



with U-74389F (966±192) with respect to DMSO-inject-
ed controls (240±32).  However, a remarkable difference
between the two groups of PMA-treated rabbits became
evident when looking at the relative distribution of neu-
trophils in the three lung compartments examined (fig.
3).  In rabbits receiving PMA alone, nearly 80% of the
neutrophils were distributed in the alveolar spaces.  In
contrast, in those animals pretreated with U-74389F, 75%
of the neutrophils were localized within extra-alveolar
blood vessels and interalveolar septa (fig. 3).

The time course of IL-8 appearance in the rabbit sys-
temic circulation is shown in figure 4.  IL-8 was not
detectable in the plasma at any time after DMSO injec-
tion. Conversely, IL-8 concentration rose significantly
above baseline values by 60 min after PMA challenge.
It should be considered that the monoclonal antibodies
employed in the assay were directed against human, not
rabbit IL-8. It was fortunate, therefore, that these anti-
bodies did cross-react with rabbit IL-8, but not entirely
unexpected given the high degree of homology of IL-8
among different species [20].  In rabbits given PMA
alone, IL-8 plasma concentration peaked to a mean value
of 22±4 pg·mL-1 at 120 min (p<0.001 versus baseline),
and returned to baseline values by 5 h after PMA injec-
tion.  In U-74389F pretreated rabbits, IL-8 plasma con-
centration at 120 min (7±2 pg·mL-1) was significantly

lower (p=0.01) than the corresponding value measured
in rabbits given PMA alone.

IL-8 concentration in BAL was significantly increased
in rabbits given PMA alone compared both to DMSO con-
trols and to rabbits pretreated with U-74389F (table 2).

Discussion

The present in vivo experiments indicate that lazaroid
U-74389F, administered as pretreatment, attenuates lung
injury and pulmonary gas exchange impairment in rab-
bits challenged with PMA.

Contrary to our expectation, U-74389F did not pre-
vent lung lipid peroxidation induced by PMA adminis-
tration.  Indeed, TBARS concentration in the lungs of
U-74389F pretreated animals was increased by 50% over
that measured in DMSO-injected controls, as it was in
rabbits given PMA alone.  The above findings suggest
that mechanisms other than inhibition of lipid peroxida-
tion are responsible for the protective effect exerted by
U-74389F in this animal model of lung injury.

As shown in table 2, the degree of alveolar haemorr-
hage and protein extravasation was significantly less
severe in rabbits pretreated with U-74389F than in those
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Table 2.  –  Bronchoalveolar lavage data in DMSO- and PMA-injected rabbits

Group               Erythrocytes/               Leucocytes/              Neutrophils                 Protein                      IL-8
µL ×10-4 µL ×10-3 %                       mg·mL-1 pg·mL-1

DMSO 2.4±0.3 8.2±1.0 0.6±0.3 0.8±0.1 3.5±0.3
PMA 32.9±7.7* 15.8±1.3* 47.2±5.4* 5.4±1.2* 34.7±11.9$

U-74389F 13.7±3.9*† 13.5±1.6* 19.4±3.5*# 1.9±0.5*† 6.9±1.8†

+ PMA

Values are presented as mean±SEM.  *: p<0.001 versus DMSO; $: p<0.05 versus DMSO; †: p<0.05 versus PMA; #: p<0.005 ver-
sus PMA (Mann-Whitney U-test).  IL-8: interleukin-8.  For further abbreviations see legend to table 1.
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acetate.
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venously.  For abbreviations see legend to figure 1.
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receiving PMA alone.  Because PMA-induced lung injury
is associated with a remarkable increase in pulmonary
vascular pressure and pulmonary vascular resistance [21,
22], it could be hypothesized that U-74389F prevented
or attenuated the pulmonary hypertensive response eli-
cited by PMA.  Although there are no data in the liter-
ature indicating that lazaroids are capable of reducing
PMA-elicited pulmonary hypertension, we cannot, at pre-
sent, rule out this possibility. However, it seems un-
likely that this can be the sole mechanism by which U-
74389F exerts its protective effect because pulmonary
vascular hypertension, in itself, does not appear to be
sufficient for the full development of PMA-induced lung
injury.  As indicated by experiments in isolated perfused
rabbit lungs, severe pulmonary arterial hypertension is
observed when PMA is added to the perfusate in the
absence of neutrophils, but this haemodynamic effect is
not accompanied by significant increases in lung weight
or lung lavage albumin concentration [23].  Furthermore,
pulmonary capillary permeability, as measured by the
capillary filtration coefficient, increases in isolated rat
lungs when neutrophils in the perfusate are stimulated
by PMA but not when PMA alone is added to a cell-free
perfusate [22]. Finally, rabbits made granulocytopenic
by injection of nitrogen mustard, do not develop any sig-
nificant change in lung weight [16, 23], nor do they
exhibit any significant increase in lung lavage cellularity
or albumin concentration in response to PMA challenge
[16, 23]. These data support the concept that neutrophils
are crucial to the development of lung injury following
PMA administration.

As indicated by BAL studies, pretreatment with U-
74389F reduced by approximately 60% the neutrophil
recruitment into alveolar spaces of rabbits given PMA
(table 2).  This finding cannot be attributed to inhibition
of intravascular neutrophil aggregation and subsequent
intrapulmonary sequestration because U-74389F had no
effect in preventing PMA-induced leucopenia (fig. 1).
In fact, in rabbits given PMA, regardless of whether they
were or were not pretreated with U-74389F, the cumu-
lative number of neutrophils in histological sections of
the lung parenchyma was fivefold greater than that of
control rabbits. Yet, in U-74389F pretreated animals, sig-
nificantly more neutrophils were retained in extra-alve-
olar vessels and far fewer gained access to alveolar spaces
than in rabbits given PMA alone (fig. 3).  These data
suggest that U-74389F may interfere with the process of
neutrophil migration into pulmonary alveoli.

IL-8, a 8.4 kDa polypeptide, is a potent chemoattrac-
tant and granule release stimulus for neutrophils [24].
IL-8 expression is induced in vitro in a variety of cells,
including endothelial cells, alveolar epithelial cells, alveo-
lar macrophages and pulmonary fibroblasts, in response
to stimulation with proinflammatory cytokines (inter-
leukin-1 and tumour necrosis factor-α) and to lipopoly-
saccharide [25–28].  Over the last few years, it has become
increasingly evident that IL-8 plays an important role in
the alveolar recruitment of neutrophils in the course of
acute inflammatory lung disorders [12–15].  Because it
has been reported that hyperoxia-stimulated, monocyte-
derived IL-8 expression is suppressed in vitro by U-
74389F [11], we looked for evidence of in vivo IL-8
release in response to PMA challenge and for a possible
modulation of its production by U-74389F pretreatment.

As shown in figure 4, IL-8 became detectable in the
plasma within 60 min of PMA administration, a time
period comparable to that required to induce in vitro IL-
8 messenger ribonucleic acid (mRNA) expression in
endothelial cells, pulmonary epithelial cells, and alveo-
lar macrophages stimulated with lipopolysaccharide and
proinflammatory cytokines [25–27].  IL-8 peak concen-
tration in plasma occurred at 120 min after PMA injec-
tion and coincided with the development of arterial blood
gas abnormalities.  This suggests that IL-8 may be impli-
cated in the derangement of pulmonary gas exchange in
this model of lung injury.  By 120 min after PMA admini-
stration, circulating levels of IL-8 in U-74389F pretrea-
ted animals were significantly lower than those of rabbits
receiving PMA alone (fig. 4).  Likewise, the concentra-
tion of IL-8 in BAL was significantly lower in U-74389F
pretreated rabbits than in those given PMA alone (table
2).  Hence, the partial inhibition of neutrophil migration
into pulmonary distal airspaces observed in lazaroid-pre-
treated rabbits may, in part, be due to downregulation of
IL-8 production by U-74389F.

However, it should be emphasized that detection of
IL-8 protein in BAL provides an indication of the net
accumulation of this cytokine in excess of that required
for receptor-binding but fails to provide information about
the cell types responsible for its production.  To sub-
stantiate the role of IL-8 in this animal model of lung
injury and to further characterize the modulatory effect
of U-74389F on IL-8 production, it would be appropri-
ate to quantify IL-8 gene expression by pulmonary cells
(e.g. alveolar macrophages) in rabbits challenged with
PMA and to compare cytokine mRNA levels with those
of rabbits pretreated with U-74389F.

In conclusion, the present data indicate that lazaroid
U-74389F attenuates phorbol myristate acetate induced
lung injury in rabbits. This protective effect may, in part,
be related to inhibition of neutrophil migration into pul-
monary alveoli.  In perspective, lazaroids may prove use-
ful in preventing lung injury in critically ill patients at
risk for adult respiratory distress syndrome.
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