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Prednisolone augments superoxide formation in porcine pulmonary

artery endothelial cells through differential effects on the
expression of nitric oxide synthase and NADPH oxidase
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1 Prednisolone, a potent anti-inflammatory drug, has proved ineffective in treating acute respiratory
distress syndrome (ARDS). ARDS is associated with superoxide (O5~) generation, which negates
nitric oxide (NO). NO also downregulates NADPH oxidase and inhibits O>~ formation. A possible
reason for the lack of effect of prednisolone may due to an inhibition of eNOS expression. In order to
test this proposal, the effect of prednisolone on O5~ formation and the expression of gp91Phox
(catalytic subunit of NADPH oxidase) and eNOS in pig pulmonary artery (PA) segments and PA
endothelial cells (PAECs) and PA vascular smooth muscle cells (PAVSMCs) was investigated.

2 PA segments and cells were incubated with prednisolone and tumour necrosis factor-alpha
(TNF-«) for 16h. O35~ formation was measured spectrophometrically and gp91°"* and eNOS
expression by Western blotting. The role of the NO-cGMP axis was studied using morpholino-
sydnonimine hydrochloride, the diethylamine/NO complex (DETA-NONOate), the guanylyl cyclase
inhibitor, 1H-{1,2,4}oxadiazolo{4,3-a}quinoxalin-1-one (ODQ) and the stable cGMP analogues, 8-
bromo cGMP and 8-(4-chlorophenylthio)-cGMP (8-pCPT-cGMP). NO release was studied using a
fluorescence assay and O> —NO interactions with a nitrite/nitrate assay.

3 Prednisolone elicited significant increase in O3~ formation in intact PA segments and PAECs, but
not PAVSMC s, in a concentration-dependent manner. In endothelium-denuded segments, pre-
dnisolone slightly enhanced O3~ release. TNF-o further increased prednisolone-enhanced O3~
formation in intact PA segments and PAECs. NADPH oxidase inhibitor, apocynin, inhibited O3~
formation. Increased O3~ release and gp91°"** expression in PAECs elicited by prednisolone was
blocked by SIN-1 (3-morpholinosydnonimine hydrochloride), DETA-NONOate, 8-pCPT-cGMP and
8-bromo cGMP. The effects of SIN-1 on gp91P"°* expression were reversed by ODQ. Finally, eNOS
protein expression was significantly reduced by prednisolone.

4 Prednisolone increases O3>~ in porcine PAECs through a downregulation of endogenous eNOS
expression. Since the NO-cGMP axis inhibits gp91°"* expression, the resultant decrease in
endogenous NO formation then augments NADPH oxidase activity, which in turn results in
increased O>~ formation. Since O35~ promotes inflammation, this mechanism may explain why
prednisolone is ineffective in treating ARDS. Therapeutically, the coadministration of an NO donor
may render prednisolone more effective in treating ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is a condition
characterised by a time-dependent worsening of intrapulmon-
ary inflammation and hypertension (Weinacker & Vaszar,
2001). Therapeutically, ARDS is a difficult and sometimes
intractable condition to treat. Despite the central aetiological
role of inflammation, anti-inflammatory drugs, including
NSAIDs and steroids, have proved surprisingly ineffective in
treating ARDS (Jantz & Shan, 1999; Stuart-Smith & Jeremy,
2001). In particular, prednisolone, a potent anti-inflammatory
drug, has no beneficial effect in treating early phase of ARDS
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(Bone et al., 1987; Luce et al., 1988; Meduri & Chrousos,
1998). Understanding why the acute administration of
prednisolone fails to influence the progress of ARDS, despite
its proven efficacy in other inflammatory conditions, may lead
to improved therapy and to a fundamental understanding as
to why ARDS may differ mechanistically from other acute
inflammatory conditions.

The possible reason for this lack of therapeutic benefit may
lie in the inhibitory effects of prednisolone on the expression of
factors that not only promote inflammation but also reduce or
limit inflammation (Newton, 2000). For example, prednisolone
may inhibit the expression of nitric oxide (NO) synthase,
thereby reducing NO formation. Some studies have shown that
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inhalational NO ameliorates ARDS (Klinger, 2002), although
this approach elicits severe side effects possible due to the
locally high levels of NO elicited by the means of delivery
(Weinberger et al., 2001). By contrast, a recent clinical trial, in
which the NOS inhibitor, 546C88, was studied for safety and
efficacy in 797 patients with septic shock, it was found that the
inhibitor caused a significant increase in mortality (Lopez
et al., 2004). This latter trial would seem to indicate that the
protective effect of endogenous NOS, in particular eNOS, may
outweigh the other negative effects of NO.

Of the many factors that promote ARDS, oxidative stress
(OS) plays a central role in the aetiology of ARDS (Chabot
et al., 1998). Principal among the reactive oxygen species
(ROS) generated by OS is superoxide (O3 ~), which reacts with
NO to produce peroxynitrite (ONOO™), promoting not only
vasoconstriction but also the adhesion of leucocytes and
platelets (Stuart-Smith & Jeremy, 2001). LPS, cytokines and
eicosanoids rapidly upregulate the expression of both gp91Phe*
and endothelial NOS expression in pulmonary arterial tissue
and endothelial cells (Muzaffar ez al., 2003). It was further
demonstrated that the inhibition of eNOS or removal of the
endothelium markedly increases O>~ formation, indicating a
protective role for the simultaneous upregulation of eNOS
(Muzaffar et al., 2003; Muzaffar et al., 2004a). It was also
demonstrated that SIN-1 (3-morpholinosydnonimine hydro-
chloride)- and NO-donating aspirin inhibit cytokine-induced
NADPH oxidase expression (Muzaffar et al., 2004a). It is
reasonable to suggest, therefore, that prednisolone, through an
inhibitory effect on eNOS expression, may actually augment
05~ formation and increase NADPH oxidase expression.

In order to test this proposal, the effect of prednisolone on
O~ formation and the expression of eNOS and gp91P™* was
studied in pig isolated pulmonary arteries (PAs) and cultured
vascular smooth muscle cells (PAVSMCs) arterial and
endothelial cells (PAECs) derived from these arteries.

Methods
Dissection and incubation of pulmonary arteries

Lungs were obtained from White Landrace male pigs of body
weight ranging from 20 to 35kg. All animals were given
humane care in compliance with the rules and regulations of
Bristol University and the U.K. Home Office. Pigs were
anaesthetised with an intravenous injection of ketamine
hydrochloride (10mgkg™"; Ketaset Injection, Fort Dodge
Animal Health, Southampton, U.K.) and inhaled halothane
(1-2% in oxygen), exsanguinated and lungs removed. PAs (3—
4mm diameter) were dissected out and placed in Dulbecco’s
minimum essential medium (DMEM) with Glutamax-1
(GibcoBRL, Paisley, Scotland) and cut into 2mm? (Muzaffar
et al., 2003; 2004a, b).

PAVSMCs and PAECs were prepared as described pre-
viously (Muzaffar et al., 2003; 2004a, b). PAECs were grown
in endothelial cell growth medium (PromoCell, Heidelberg,
Germany) at 37°C in a 95% air-5% CO, incubator.
PAVSMCs were maintained in DMEM (containing 10%
foetal calf serum, 100 Uml™" penicillin and 100 ugmi™
streptomycin) at 37°C in a 95% air-5% CO, incubator.
Subconfluent cultures of pulmonary VSMCs were growth
arrested by washing in sterile phosphate-buffered saline (PBS,

GibcoBRL) and incubating in serum-free DMEM supplemen-
ted 100 Uml™" penicillin and 100 ugml™' streptomycin for
48 h.

Effect of prednisolone on 05~ formation

PAVSMCs, PAECs or PA segments (+endothelium) were
incubated with the prednisolone (+tumour necrosis factor-
alpha (TNF-z), 10ngml™") for 16h at 37°C in a 95% air-5%
CO, incubator (Heraeus, Hera Cell, Kandro Laboratory
Products, Germany). Following incubation, segments or cells
were washed with DMEM three times and equilibrated in
DMEM without phenol red for 10 min at 37°C in a 95% air—
5% CO, incubator. In all, 20 uM horseradish cytochrome ¢
(Sigma Chemical Co., Poole, Dorset, U.K.) with or without
500 Uml™" copper-zinc superoxide dismutase (SOD; Sigma
Chemical Co.) was added and incubated at 37°C in a 95% air—
5% CO, incubator for an hour. The reaction medium was
removed and reduction of cytochrome ¢ determined at 550 nm
in an Anthos Lucy 1 spectrometer (Lab-tech International,
Ringmer, East Sussex, U.K.) and converted to nmol of O5~,
using AEssonm=21.1mM'cm™' as the extinction coefficient.
The reduction of cytochrome ¢ that was inhibitable with SOD
reflected actual O3~ release. Segments were blotted, dried and
weighed, data being expressed as nmol of O>~ mg tissue™'h~".
Cells were rinsed in PBS, lysed with 0.1% (vv~") Triton X-100
and total protein content measured using BCA-protein assay
kit (Pierce, Rockford, IL, U.S.A.). The results were expressed
as umol of O3~ mg protein~'h~".

Effect of inhibitors of O% -generating enzymes
on prednisolone-induced O3 release

In order to determine the source of the O5~ elicited by
prednisolone, PAECs were preincubated with apocynin (1 uM;
Sigma Chemical Co.; an inhibitor of NADPH oxidase (Stolk
et al., 1994), diphenylenciodonium chloride (DPI; 10 uMm;
Sigma Chemical Co.; another NADPH oxidase inhibitor
(Griendling et al., 1994)), allopurinol (100 uM; Sigma Chemical
Co.; a xanthine oxidase inhibitor (Greene & Paller, 1992)),
rotenone (10 uM; Sigma Chemical Co.; an electron transfer
chain inhibitor (Meier et al., 1989)) and aspirin (100 uM; Sigma
Chemical Co.; a cyclooxygenase inhibitor (Tate et al., 1984)).

Effect of SIN-1, DETA-NONOate, 8-bromo-cGMP,
8-pCPT-cGMP and ODQ on prednisolone-induced
05 release

To investigate the role of NO in mediating the effect of
prednisolone on O3~ formation in this experimental setting,
PAECs were incubated with the NO donors, SIN-1 (100 nM) or
diethylamine/NO complex (DETA-NONOate; 100-500 M)
with prednisolone for 16h. In order to determine whether
the effects of NO on O3~ formation was mediated by the
cyclic GMP, PAECs were incubated with the stable and
permeable analogues of cGMP: 8-bromo-cGMP or 8-(4-
chlorophenylthio)-cGMP (8-pCPT-cGMP), at both 10 and
100 uM, or with the guanylyl cyclase inhibitor, 1H-{1,2,4}oxa-
diazolo{4,3-a}quinoxalin-1-one (ODQ; 1uM, over a 16-h
incubation with prednisolone (4 SIN-1 or DETA-NONOate).
PAECs were preincubated with ODQ for at least an hour
before commencing the 16-h time course. The production of
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05>~ was measured by ferricytochrome ¢ assay, as described
above. In all studies, possible toxic effects of drugs were
routinely assessed by checking cell density (index of cell death)
before and after incubations and no alterations were observed
(data not shown). All data are adjusted for protein and as such
any cell loss would be compensated for.

Effect of prednisolone on gp917"°* and eNOS expression

Following 16-h incubations with prednisolone (+various
activators and inhibitors), as described above, PAECs were
washed 3 x with PBS and lysed with Tris buffer (50 mM, pH
7.4) containing 1% (vv™') SDS, EDTA (10mMm), PMSF
(1 mMm), pepstatin (0.05mM) and leupeptin (0.2 mM). Extracts
were boiled at a 1: 1 ratio with loading buffer (50 mM Tris (pH
6.8); 4% (wv™') sodium dodecyl sulphate; 10% (vv™")
glycerol; 4% (vv~') 2-mercaptoethanol; 2mgml~' bromophe-
nol blue). Samples of equal protein (20 ug) were loaded onto
10% Tris-glycine sodium dodecyl sulphate gels and separated
by electrophoresis. After transfer to nitrocellulose, the blots
were primed with either mouse anti-gp91°™* (1:500 dilution;
Transduction Laboratories, U.K.) (Yu et al., 1998) or anti-
eNOS (1:2500 dilution; Transduction Laboratories). The
endogenous mouse gp91P"** shows a 58 kDa band, instead of
a 91kDa observed in human. Both mouse and human
deglycosylated gp91P"°* are 54 kDa. This difference is due to
less glycosylation sites in the mouse sequence (Bjorgvinsdottir
et al., 1996). In initial Western blots, both human and porcine
neutrophil lysates ran as a smear starting from 90 to 50 kDa.
For the representative blot, much less quantity of neutrophil
lysates was loaded for cleaner detection. The blots were then
incubated with goat anti-mouse antibody conjugated to
horseradish peroxidase (1:2000 dilution) and developed by
enhanced chemiluminescence (Amersham International, Little
Chalfont, Bucks, U.K.). Rainbow markers (14-220kDa;
Amersham) were used for molecular weight determination.
Membranes were reprobed with anti-GAPDH monoclonal
antibody (Chemicon International, CA, U.S.A.) as an internal
control for equal protein loading.

Determination of NO release from PAECs

The NO released by PAECs into the supernatants was
measured by a fluorescent dye, 4,5-diaminofluorescein
(DAF-2; Sigma Chemical Co.) (Nakatsubo ez al., 1998; Leikert
et al., 2001; Rathel et al., 2003). Following incubations with
prednisolone and TNF-a, for 16 h, cells were washed with PBS
and then preincubated with L-arginine (100 uM in PBS, 5min,
37°C). In some experiments, L-NAME (I mM) was added
Smin before the addition of L-arginine. Subsequently, DAF-2
(1 uM) was added and cells were incubated in the dark at 37°C
for 30 min. Then, the fluorescence of the supernatants was
measured at room temperature using a spectrofluorimeter
(Fluorolite 1000, Dynatech Laboratories) with excitation
wavelength set at 494nm and emission wavelength at
520 nm. The bandwidth was 10nm for both excitation and
emission. The sensitivity was programmed on high.

Nitrite measurements

NO generated by PAECs in response to prednisolone with or
without SIN-1 (100 nM) was measured as nitrite concentration

using an assay kit that is based on the Griess reaction (Nims
et al., 1996). Cells were cultured and exposed to prednisolone
as described above in multiwell plates. At the end of the
incubation, supernatants were removed and centrifuged to rid
of cell debris. Nitrate in the clarified culture supernatants was
converted to nitrite by nitrate reductase. The nitrite was then
reacted with sulphanilamide and N-(1-naphthyl)ethylenedia-
mine and detected chromogenically by measuring optical
density at 540 nm using spectrophotometer. A standard curve
was calibrated using sodium nitrite at concentration from 0 to
25uM and the concentration of nitrite calculated by linear
regression.

Data analysis

Data are expressed as mean+s.e.m. and »n indicates the
number of animals used. Student’s unpaired ¢-test or one-way
factorial ANOVA was used to determine the difference in
the data. A P-value of <0.05 was considered statistically
significant. Multiple group comparisons were made using one-
way ANOVA.

Results

Effect of prednisolone on 05~ release from pulmonary
arteries

Prednisolone elicited a statistically significant, concentration-
dependent, increase in the formation of O3~ in intact pig PA
segments (with endothelium; Figure la) and in PAECs
(Figure 1b) following a 16-h incubation. In endothelium-
denuded segments, however, prednisolone slightly enhanced
05~ release only at 1 uM (Figure la) and had no significant
effect on O5~ release from PAVSMCs at any concentration
(Figure 1D).

The increase in the formation of O35~ promoted by
prednisolone (1 uM) was similar to (but not greater than) that
elicited with TNF-o (10ngml™") in intact PA segments and
PAECs (Figure 2). The combination of TNF-« and predniso-
lone elicited a further statistically significant enhancement of
05~ formation in intact PA segments and PAECs (Figure 2a
and b).

Effect of inhibitors on prednisolone-enhanced 05~ release

from PAECs

05~ formation measured after the 16-h incubation of PAECs
with prednisolone was inhibited by apocynin and DPI (both
NADPH oxidase inhibitors), but not allopurinol (a xanthine
oxidase inhibitor), aspirin (a cyclooxygenase inhibitor) or
rotenone (mitochondrial electron transport chain inhibitor)
(Figure 3). This indicates that the effect of prednisolone is
mediated principally by NADPH oxidase.

The stimulatory effect of prednisolone on O5~ release from
PAECs was blocked by coincubation of prednisolone with the
NO donors, SIN-1 and DETA-NONOate (Figure 4a). 8-
Bromo-cGMP and 8-pCPT-cGMP (both permeable stable
analogues of cGMP) mimicked the effects of SIN-1 and
DETA-NONOate on prednisolone-stimulated O3~ formation
(Figure 4b) and ODQ reversed effect over the same time course
(Figure 4a). These data indicate that endogenous NO plays a
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Figure 1 Effect of prednisolone (0.01-1 uM) on 05~ formation by
(a) whole pig PA segments (with [ + E] or without [—E] endothelium)
and (b) cultured PAECs and cultured PAVSMCs following a 16-h
incubation. Data=mean+s.e.m.; n=6. *P<0.05, significantly
increased compared to control (0).

role in mediating the effect of prednisolone on NADPH
oxidase and O3~ formation through a cGMP-dependent
mechanism and not through quenching of O5~. We have
previously demonstrated that SIN-1 and endogenous NO
derived from eNOS downregulates NADPH oxidase expres-
sion in PA (Muzaffar et al., 2004a).

Effect of prednisolone on gp917"~ and eNOS protein
expression in PAECs

Following a 16-h incubation of PAECs, gp91Ph* (active
catalytic subunit of NADPH oxidase) protein expression, as
assessed by Western blotting, was significantly enhanced by
1 uM prednisolone (Figure 5), whereas eNOS protein expres-
sion was significantly reduced by 1 uM prednisolone (Figure 6).
TNF-o further enhanced prednisolone-induced gp91P"** ex-
pression (Figure 5) and decreased eNOS protein expression
(Figure 6) in PAEC lysates. The effects were inhibited by
SIN-1 and DETA-NONOate and guanylyl cyclase acti-
vators, 8-bromo-cGMP and 8-pCPT-cGMP. ODQ blocked
the effects of SIN-1 and DETA-NONOate on gp91Phe
(Figure 5) and eNOS (Figure 6) protein expression. These
data indicate that an upregulation of NADPH oxidase
mediates prednisolone-stimulated OS5~ formation and the
downregulation of eNOS by prednisolone, and therefore a
decrease in endogenous NO may contribute to the upregula-
tion of NADPH oxidase.
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Figure 3 Effect of DPI (10 uM), apocynin (1 uM), aspirin (100 uMm),
allopurinol (100 uM) or rotenone (10 uM) on prednisolone (1 uM)-
stimulated O3~ formation by PAECs following a 16-h incubation.
Data=mean+s.em.; n=6. *P<0.05, comparing prednisolone-
induced levels to control in the absence of inhibitors. SP<0.05,
significantly inhibited compared to prednisolone-treated cells.

Effect of prednisolone on NO formation

NO levels measured as change in DAF-2 fluorescence intensity
and nitrite concentration in culture supernatants of predniso-
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Figure 4 (a) Effect of SIN-1 (100 nM) and DETA-NONOate (100-500 uM) + ODQ (1 uM) on prednisolone (1 uM)-stimulated 05~
formation by PAECs over a 16-h incubation. (b) Effect of 8-bromo-cGMP (8-Br-cGMP) and 8-pCPT-cGMP on prednisolone
(1 uM)-stimulated O3~ formation by PAECs following a 16-h incubation. Please note that the drugs were present throughout the
incubation phase, cells being thoroughly washed, prior to the measurement of superoxide. Data=mean+s.e.m.; n=6. ¥*P<0.05,
comparing prednisolone-induced levels to control. *P<0.05, significantly inhibited compared to prednisolone-treated cells.
#P<0.05, significantly enhanced compared to prednisolone + SIN-1/DETA-NONOate-treated cells.

lone-treated PAECs were consistent with the downregulation
of eNOS protein expression measured by immunoblotting
(Figure 7). TNF-z, on the other hand, augmented DAF-2
fluorescence intensity and nitrite formation following 16-h
incubation (Figure 7). The presence of SIN-1 over the 16-h
incubation with prednisolone resulted in increased nitrite
production from PAECs (Figure 7b).

Discussion

The present study demonstrates that prednisolone augments
0>~ formation in porcine intact isolated PA (i.e. with
endothelium) and in isolated PAECs, but not isolated
PAVSMCs, and a decrease in NO formation in isolated
PAECs. The mechanisms underlying this effect involve
differential effects on the expression/activity of NADPH

oxidase and eNOS and the relative levels of O5~ and NO (as
nitrites). The decrease in endothelial NO formation, in turn,
may elicit vasoconstriction in the VSMC component of the
pulmonary arteries. Although EDHF is deemed more im-
portant in mediating relaxation of pulmonary microvessels,
NO still plays a significant role in promoting relaxation of the
pulmonary vasculature (Stuart-Smith & Jeremy, 2001). Re-
duced endothelial NO bioavailability may also render the
vessels susceptible to further inflammation, since NO inhibits
adhesion molecule expression and other inflammatory events
(Jeremy et al., 1999).

Firstly, increased O3~ formation after the 16-h incubation of
both intact PA segments (with endothelium) and PAECs with
prednisolone was inhibited by apocynin and DPI (both
NADPH oxidase inhibitors). By contrast, rotenone and
allopurinol had no effect at concentrations that inhibit O3~
formation in PAECs through mitochondrial respiration and

British Journal of Pharmacology vol 145 (5)
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Figure 5 Western analysis of NADPH oxidase in PAECs using a monoclonal antibody directed against the gp91°"* subunit of

mouse macrophage NADPH oxidase. Cells were either not treated or stimulated overnight with either prednisolone (P; 1 uM) or
TNF-o (T; 10 ngml™") alone or with combination of the two (4 SIN-1 (100 nM); DETA-NONOate (NOate; 500 uM); SIN-1 +ODQ
(1 um); DETA-NONOate +ODQ; 8-bromo-cGMP (100 uM) and 8-pCPT-cGMP (100 uM)). Where applied, PAECs were
preincubated with ODQ for at least an hour before SIN-1 or DETA-NONOate was added. Cellular lysates of stimulated mouse
macrophages (lane 1), pig neutrophils (lane 3) and human neutrophils (lane 4) were used as positive controls. Whole-cell lysate of
PAVSMC s (lane 2) was used as an internal control and GAPDH expression as a loading control. Panel a shows the representative
blot and panel b the results of the densitometric analyses of six blots (expressed as relative optical density (OD)mm™2). *P<0.05,
significantly increased compared to control. #P<0.05, significantly increased compared to prednisolone/TNF-a-treated cells only.
$P<0.05, significantly inhibited compared to prednisolone and TNF-g-treated cells. ¥P<0.05, significantly enhanced compared to

cells treated with SIN-1 or DETA-NONOate alone in the presence of prednisolone and TNF-a.

xanthine oxidase, respectively (Muzaffar et al, 2005a).
Aspirin, too, had no effect at a concentration that we have
shown to inhibit prostanoid formation in pulmonary arterial
cells (Muzaffar et al., 2004b). Furthermore, following a 16-h
incubation of PAECs with prednisolone, the expression of
gp91Phox (active catalytic centre of NADPH oxidase) was also
significantly enhanced by 1 uM prednisolone. Taken together,
these data indicate that the increase in O3~ formation elicited
by prednisolone is mediated by an augmentation of NADPH
oxidase protein expression. By contrast, prednisolone had no
effect on O3~ formation in PAVSMCs, indicating that the
effect of prednisolone is confined to PAECs and is mediated by
a system(s) other than a direct downregulation of gp91rher
expression. This contrasts with a previous report on human
VSMCs in which prednisolone was found to inhibit O3~
formation and p22P"* expression (Marumo et al., 1998). This
may indicate variations of responses between species and

vascular beds. Furthermore, Marumo et al. (1998) did not
study equivalent ECs, in which we found the most emphatic
changes.

Augmented O5~ formation by prednisolone in PAECs was
blocked by coincubation of the steroid over the 16-h
preincubation phase with the NO donors, SIN-1 and DETA
NONOate. Since the cells were washed free of drugs after the
16-h incubation phase and prior to the assessment of O3
release, these effects could not be ascribed to direct chemical
reactions of O35~ with NO derived from SIN-1 or DETA
NONOate (i.e. a ‘quenching’ effect). The effects over 16 h of
the NO donors was also mimicked by the stable cGMP
analogues, 8-bromo-cGMP and 8-pCPT-cGMP, but blocked
by the guanylyl cyclase inhibitor, ODQ. These data clearly
demonstrate that the effect of prednisolone is mediated
through an inhibitory effect on the NO-cGMP-PKG axis.
In the present study, prednisolone also had a marked
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Figure 6 Endothelial NOS protein expression in PAEC as measured by Western blotting. Cells were either not treated or
stimulated overnight with either prednisolone (P; 1 uM) or TNF-o (T; 10ngml~") alone or with combination of the two (+SIN-1
(100nM); DETA-NONOate (NOate; 500 uM); SIN-1+0DQ (1uM); DETA-NONOate + ODQ); 8-bromo-cGMP (100 uM) and
8-pCPT-cGMP (100 uM)). Where applied, PAECs were preincubated with ODQ for at least an hour before SIN-1 or DETA-
NONOate was added. Panel a shows the representative blot and panel b the results of the densitometric analyses of six blots
(expressed as relative optical density (OD)mm™2). GAPDH expression was used as a loading control. *P<0.05, significantly
different from control. #P <0.05, significantly decreased compared to prednisolone/TNF-a-treated cells only. $P <0.05, significantly
increased compared to prednisolone and TNF-a-treated cells. *P <0.05, significantly inhibited compared to cells treated with SIN-1
or DETA-NONOate alone in the presence of prednisolone and TNF-o.

inhibitory effect on eNOS expression in PAECs. In previous
studies, we have demonstrated that SIN-1 inhibits the
expression of gp91Ph* (Muzaffar et al., 2004a), and that NO
derived from eNOS inhibits the expression of gp91°"°* in the
PA via a guanylyl cyclase-dependent mechanism (Muzaffar
et al., 2004a). Another study has also demonstrated that
glucocorticoids, in particular cortisol, downregulates eNOS
expression in bovine cultured aortic endothelial cells (Rogers
et al., 2002). It is suggested, therefore, that prednisolone, by
inhibiting eNOS expression, reduces NO levels in the PA and
since NO blocks gp91P"* expression, this would explain the
effect of prednisolone on gp91P'* expression and enhanced
05~ formation. Also, since NO reacts readily with 05 to form
reactive nitrogen species (RNS), effectively removing O3, the
reduction of eNOS expression would also increase O3~ via
removal of this direct chemical mechanism. Indeed, we have
previously shown increased nitrotyrosine levels (index of RNS)
in endothelial cells in intact pulmonary arteries incubated
under identical conditions (Muzaffar et al., 2003).

It appears that endogenous integrity of the NO formation is
important in the aetiology of ARDS since inhalational NO has
proved beneficial in treating the condition (Klinger, 2002).
However, the benefits of inhaled NO in treating ARDS have
proved ambivalent (Folkerts et al., 2001; Weinberger et al.,
2001; Klinger, 2002; Wang et al., 2003). Adverse effects include

a life-threatening ‘rebound’ increase in pulmonary vascular
resistance, as well as methemoglobinaemia and cellular
apoptosis (Weinberger et al., 2001). These observations
indicate, therefore, that an upregulation of eNOS may in fact
be deleterious when accompanied by an increase in O3~
formation. By contrast, in a recent multicentre clinical trial,
in which the NOS inhibitor, 546C88, was studied for safety
and efficacy in 797 patients with septic shock, it was found that
the inhibitor caused a significant increase in mortality (Lopez
et al., 2004). This latter trial would seem to indicate that the
protective effect of endogenous NOS, in particular eNOS, may
outweigh the other negative effects of NO and the metabolites
derived from its reaction with O5~. However, inhalational NO
may still be deleterious due the large intrapulmonary levels of
NO clicited by this treatment.

With regard to corticosteriods and ARDS, circulating
cortisol is markedly elevated in patients with ARDS (Bernard
et al., 1987, Vermes et al., 1995). Glucocorticoid receptor
affinity in lungs is also increased in experimental ARDS (Liu
et al., 1993) and glucocorticoid administration diminishes
eNOS activity, in vivo (Middelveld et al., 1999). It has also
been demonstrated that endotoxin and cytokines augment the
expression of eNOS in PAECs, which may constitute a
protective mechanism in ARDS (Muzaffar et al., 2003). It is
not unreasonable to suggest, therefore, that increased circulat-
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Figure 7 (a) Effect of prednisolone (1 uM) and TNF-o (10ngml™") on DAF-2 fluorescence intensity corresponding to the NO
production from the PAEC in the presence or absence of L-NAME (1 mM). (b) Effect of prednisolone (1 uM) in the presence
or absence of SIN-1 (100nM) and TNF-o (10ngml™") on nitrite production by PAEC following al6-h incubation.
Data=mean+s.em.; n=6. *P<0.05, significantly altered compared to control. #P<0.05, significantly reduced compared to
corresponding L-NAME absent values. *P<0.05, significantly increased compared to prednisolone alone.

ing cortisol in ARDS may contribute to the progression of the
syndrome via down regulation of lung eNOS and/or preven-
tion of eNOS upregulation.

In the present study, TNF-o and prednisolone together
augmented the formation of O3~ which may be of pathophy-
siological importance, since TNF-a plays an axiomatic role in
mediating the progress of ARDS (Chabot er al., 1998;
Muzaffar et al., 2003). This observation consolidates, there-
fore, that the administration of prednisolone may worsen
ARDS through augmentation of OS. The mechanisms under-
lying this interaction appear paradoxical since TNF-o up-
regulates eNOS in pulmonary PAECs (Muzaffar et al., 2003)
and in this study we found that prednisolone down-regulates
the enzyme. However, TNF-o also directly upregulates
gp91PPox expression and markedly augments the formation of
05~ (Muzaffar et al., 2004b). Since the present study
demonstrates that the prednisolone also augments gp91Phe*
expression, it is likely that the interaction between TNF-« and
prednisolone involves the potentiation of gp91P™* expression

that overrides effects of NO derived from eNOS. This may be
of therapeutic importance since exogenous NO may be unable
to counteract the pro-inflammatory impact of O5~ in ARDS.
One intriguing possibility that may explain this mechanism is
that O>~ itself can augment both gp91°h°* expression and O3~
formation by isolated PAECs (Muzaffar et al., 2005b).

To summarise, it appears that the O35~ generated by the
simultaneous down regulation of eNOS coupled with the
upregulation of gp91P"°* is the underlying mechanism by which
the prednisolone elicits an increase in O5~ formation in
PAECs. There are clinical implications to this study. Pre-
dnisolone, a potent anti-inflammatory drug, is surprisingly
ineffective in treating ARDS (Bone et al., 1987; Luce et al.,
1988; Meduri & Chrousos, 1998), an aggressive acute
inflammatory condition. However, ARDS is now firmly
associated with the generation of 05, which elicits a number
of important proinflammatory events, including activation of
leucocytes and platelets, the expression of adhesion molecules
and vasoconstriction, all of which augment ARDS (Chabot
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et al., 1998). Thus, the augmentation of O3~ formation may
explain why prednisolone is ineffective in treating acute
ARDS. Furthermore, the reduction of NO elicited by
prednisolone would render the vasculature even more suscep-
tible to inflammation since NO inhibits all the events
promoted by O3 . The overall implication of this study is
that prednisolone may be rendered more effective in treating
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