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Background and objective: Glucocorticoids (GC) may exert therapeutic effects in asthma by a
rapid non-genomic mechanism. The lungs of asthmatic patients are exposed to oxidative stress,
which is believed to be critical in the pathogenesis of asthma. The aim of this study was to investigate
whether GC exert a rapid non-genomic effect on oxidative stress in asthmatic guinea pigs.
Methods: The guinea pig asthma model was used to assess inhibitory effects of budesonide (BUD)
on oxidative stress. BAL fluid (BALF), trolox equivalent antioxidant capacity and lung manganese
superoxide dismutase (MnSOD) activity were measured by spectrophotometry. Superoxide anion
production was measured by cytochrome c reduction assay.

Results: Oxidative stress occurred within minutes following antigen challenge and BUD reduced
the severity of oxidative stress in asthmatic guinea pigs within 15 min. BUD significantly decreased
BALF trolox equivalent antioxidant capacity and lung MnSOD activity, as compared with those of
vehicle-treated asthmatic guinea pigs (P < 0.05). Additionally, BUD rapidly inhibited in vitro super-
oxide anion production by BALF cells and bronchi harvested from sensitized animals. These rapid
effects were not blocked by the GC receptor antagonist RU486 and/or the protein synthesis inhibitor
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cycloheximide.
Conclusions:

BUD reduced oxidative stress in a guinea pig model of asthma by a rapid non-

genomic mechanism. These data suggest new mechanisms whereby GC treatments may benefit

asthma.
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INTRODUCTION

Currently glucocorticoids (GC) are the most effective
treatment for asthma, and inhaled GC have become
the first-line treatment for children and adults
with persistent asthmatic symptoms. It is generally
accepted that the striking effectiveness of GC in
asthma is due largely to their genomic anti-
inflammatory effects.! These genomic effects are
characterized by a lag period ranging from 30 min
to several hours or even days, suggesting a role in
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the longer-term anti-inflammatory effects of GC.
However, recent evidence indicates that GC may exert
therapeutic effects in asthma through a rapid non-
genomic mechanism, immediately after GC exposure
or with a very short latency period.*?

Asthma attacks and experimental antigen chal-
lenge are both associated with oxidative stress,*®
which has important consequences for the pathogen-
esis, severity and treatment of asthma.®” Reactive
oxygen species (ROS) cause lung injury as a result of
direct oxidative damage to and shedding of epithelial
cells.® Moreover, ROS may contribute to the patho-
genesis of asthma by evoking bronchial hyperreactiv-
ity,° as well as directly stimulating histamine release
from mast cells’ and mucus secretion from airway
epithelial cells."

Previously, we reported that GC rapidly inhibit
superoxide anion (O,) production by macrophages
through a rapid non-genomic mechanism." Inflam-
matory cells are the main source of ROS in asthma
and in the present study, we sought to determine
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whether GC exert their rapid therapeutic effects in
asthma, in part by decreasing oxidative stress. We
investigated the direct effect of inhaled budesonide
(BUD), an effective and widely used antiasthma
agent, on oxidative stress in a guinea pig model of
asthma. Our data show that BUD decreased oxidative
stress in this model, possibly through prompt non-
genomic mechanisms of action.

METHODS
Animals

All experiments were carried out in accordance with
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male Hartley guinea
pigs (250-300 g, Experimental Animal Center, Shang-
hai Laboratory Animals Centers of Chinese Academy
of Science, Shanghai, China) were used. Animals were
housed under controlled temperature conditions (22—
26°C), humidity (55 * 5%) and artificial lighting on a
12 h light-dark cycle (lights on at 9:00 am), with free
access to chow, fresh vegetables and water.

Chemicals and media

Reagents were obtained from Sigma Chemical Co. (St
Louis, MO, USA) unless otherwise noted. RU486 was
suspended in 1% carboxymethylcellulose and 0.05%
Tween-80, and administered orally 20 h and 2 h prior
to ovalbumin (OVA) challenge." BUD for nebulization
was suspended in hydroxypropyl methylcellulose
(HPMC, viscosity 4000 cps) at 3 mg/mL as recom-
mended by AstraZeneca (Lund, Sweden). All other
reagents were analytical grade and obtained from
commercial sources.

Sensitization and treatments of animals

Guinea pigs (n = 60) were sensitized with 100 mg/kg
intraperitoneal (i.p.) plus 100 mg/kg subcutaneous
(s.c.) OVA, suspended in saline (20 mg/mL)." Two
weeks later, they were challenged with an aerosol of
OVA in saline (5 mg/mL) and the onset of allergen-
elicited cough was observed to verify sensitization.
Control animals were treated with isotonic saline
instead of OVA.

BUD (3 mg/mLin HPMC vehicle) was administered
by inhalation for 5 min, before guinea pigs were chal-
lenged with an aerosol of OVA (10 mg/mL in saline)
for 25 s (BUD group). Eight OVA-sensitized animals
were challenged with normal saline instead of OVA
(NC group). Eight OVA-sensitized animals inhaled
HPMC before OVA challenge (HPMC group). Eight
OVA-sensitized guinea pigs were pretreated with
the GC receptor antagonist RU486 (50 mg/kg orally
20h and 2 h prior to OVA challenge) before BUD
inhalation (RU486+BUD group). Another eight
OVA-sensitized animals were given RU486 before
inhalation of HPMC vehicle (RU486 group).
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At the end of the experiments (i.e. 10 min after OVA
administration) the animals were anaesthetized with
pentobarbital sodium (50 mg/kg i.p.) and underwent
thoracotomy. The upper trachea was cannulated and
the whole lung was excised and placed in cold phenol
red-free Hank’s balanced salt solution (HBSS) without
Ca?* or Mg*. The left lung was ligated at the main
bronchus, excised and placed in liquid nitrogen for
subsequent biochemical analyses. The right lung was
used to prepare BAL fluids (BALF) by washing three
times with 4 mL of cold (4°C) phenol red-free HBSS
without Ca*, Mg*, containing 0.5 mM ethylenedi-
aminetetraacetic acid, through the intratracheal
cannula. The recovered fluid (75-80% of the injected
volume) was centrifuged (100 g, 4°C, 8 min) and the
resulting supernatants were frozen at -80°C until use.
Cells were washed three times and suspended in
phenol red-free HBSS for differential cell count.

BALF trolox equivalent antioxidant
capacity assay

The trolox equivalent antioxidant capacity (TEAC)
assay was performed as described by Albrecht et al."®

Determination of lung manganese superoxide
dismutase activity

Frozen lung samples were homogenized with 10 mM
PBS, pH 7.4, sonicated on ice for 1 min and centri-
fuged at 100 g for 10 min. Supernatants were pre-
incubated for 30 min with 2 mmol/L NaCN to inhibit
copper-zinc superoxide dismutase activity. The assay
is based on superoxide dismutase (SOD)-induced
inhibition of the conversion of nitroblue tetrazolium
(NBT) to a blue tetrazolium salt, mediated by super-
oxide radicals generated by xanthine oxidase. The
reaction was performed in sodium carbonate buffer,
50 mmol/L, pH 10.1, containing 0.1 mmol/L EDTA,
25 umol/L NBT, 0.1 mmol/L xanthine and 2 nmol/L
xanthine oxidase (Merck, Darmstadt, Germany). The
rate of reduction of NBT was monitored at 560 nm.
A unit (U) of manganese superoxide dismutase
(MnSOD) activity was defined as that required to
inhibit the rate of reduction of NBT by 50%. Values
were expressed as mU/mg of protein. Protein levels
were determined using the bicinchoninic acid (BCA)
reagent.

BALF differential cell count

The total cell counts for pooled BALF from each
animal in all groups were determined using a
Neubauer haemocytometer. Cells were stained with
Wright's stain and a minimum of 500 cells (macro-
phages, eosinophils, neutrophils and lymphocytes)
were counted.

Measurement of superoxide anion production
by BALF cells

BALF cells harvested from sensitized guinea pigs were
washed three times and suspended in phenol red-free
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HBSS at a concentration of 1 x 10° cells/mL. The cell
suspension was incubated in a 96-well flat-bottomed
microtitre plate (200 uL/well) for 60 min at 37°C in 5%
CO:.. Cell viability was determined using Trypan blue
dye and was >94%. Cells were then stimulated with
phorbol myristate acetate (PMA, 100 ng/mL). O, was
measured using the cytochrome c reduction assay as
previously described.'? BALF cells in HBSS were incu-
bated with BUD for 5 min before addition of PMA and
cytochrome c.

Experiments were also performed to determine
whether pretreatment with RU486 (30 min before
BUD, at a final concentration >10 times greater than
that of BUD) or cycloheximide (CHX, 10~ mol/L,
30 min before BUD) influenced the inhibitory effect
of BUD on O, production by BALF cells.

Measurement of superoxide anion production
by main bronchus tissue rings

Sensitized guinea pigs were anaesthetized with pen-
tobarbital sodium. The lungs were removed rapidly
and immersed in Krebs-Henseleit buffer containing
(mmol/L): NaCl 118.3, KCl 4.7, MgSO, 1.2, CaCl, 2.5,
KH,PO, 1.2, NaHCO; 25.0 and p-(1)-glucose 11.1. The
main bronchus was dissected free of loose connective
tissue and cut into 2- to 3-mm-thick rings. The rings
were mounted in a 96-well plate with Krebs—Henseleit
buffer and maintained at 37°C in 5% CO,. After 30 min
of equilibration, O, was measured by SOD-inhibited
cytochrome c reduction as described by Casoni ef al.'®
Bronchial rings were pretreated with BUD for 5 min
before exposure to 10~ mol/L acetylcholine (Ach).
O, production was expressed as nmol/mg wet
weight. To determine wet weight, bronchial rings were
blotted on filter paper and weighed at the end of the
experiments.

Experiments were also performed to determine
whether pretreatment with RU486 or CHX (under the
conditions described previously) could influence the
inhibitory effect of BUD on O production by bron-
chial rings.

Statistical analysis

Values are presented as mean = SEM. Data were
analysed using SPSS version 13 for Windows (SPSS
Inc., Chicago, IL, USA). One-way ANOVA followed by
Dunnett’s #-test was used to analyse differences
between the treated and control groups. A P-value
less than 0.05 was considered statistically significant.

RESULTS

Rapid effect of BUD on BALF TEAC, lung MnSOD
activity and BALF differential cell count

The mean values for BALF TEAC and lung MnSOD
activity are presented in Figures 1 and 2, respectively.
BALF TEAC and lung MnSOD activity decreased
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Figure 1 Rapid effect of budesonide (BUD) on BAL fluid
trolox equivalent antioxidant capacity of guinea pigs in the
different experimental groups. Normal saline control (NC)
animals were sensitized with ovalbumin (OVA) and chal-
lenged with normal saline; animals in other groups were
pretreated with BUD vehicle (hydroxypropyl methylcellu-
lose (HPMC)), BUD, BUD+RU486 or RU486 separately, fol-
lowed by challenge with OVA. *P <0.01 compared with
HPMC group (ANOVA followed by Dunnett’s ¢-test).
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Figure 2 Rapid effect of budesonide (BUD) on manganese
superoxide dismutase activity in lung tissues of guinea
pigs in the different experimental groups. Treatments and
methods were as described for Figure 1. *P < 0.01 compared
with hydroxypropyl methylcellulose (HPMC) group (ANOVA
followed by Dunnett’s t-test). NC, negative control cells.

significantly in the lung tissue of the HPMC group
as compared with NC group. BALF TEAC and lung
MnSOD activity were significantly higher in the BUD
group than in the HPMC group (Figs 1,2).

To assess the possible involvement of the classical
intracellular GC receptors in mediating the inhibitory
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Figure 3 Rapid inhibitory effect of budesonide (BUD) on
phorbol myristate acetate (PMA)-stimulated O, production
by BAL fluid (BALF) cells. Negative control (NC) cells were
incubated in Hank’s balanced salt solution alone. BUD was
added to BALF cells 5 min before stimulation with PMA.
Ethanol (0.05%) had no effect on O, production by BALF
cells. *P < 0.01 compared with PMA group; #P < 0.05 com-
pared with PMA group (ANOVA followed by Dunnett’s #-test).

effects of BUD, additional experiments were per-
formed using the GC receptor antagonist RU486.
RU486 was administered orally 20 h and 2 h before
OVA challenge at 50 mg/kg, which has been shown
to completely block the genomic effects of GC."”
However, the inhibitory effects of BUD were not
blocked by RU486, which alone had no effect on BALF
TEAC or lung MnSOD activity.

The numbers of total cells, eosinophils, neutro-
phils, lymphocytes and monocytes in the BALF were
not significantly different between all the experimen-
tal groups (P > 0.05; data not shown). Therefore BUD
had no effect on total and differential counts of
inflammatory cells in BALE

Rapid effect of BUD on O, production by BALF
cells and main bronchus rings

BALF cells and main bronchus rings were pre-
incubated with BUD (4 x 102 mol/L stock solution in
100% ethanol) for 5 min before incubation with PMA.
O, production by BALF cells (Fig. 3) and main bron-
chus rings (Fig. 4) was significantly inhibited by BUD
at concentrations of 10°-107 mol/L (P < 0.05), and
the effect was dose dependent. Additionally, 0.05%
ethanol did not influence O, production by BALF
cells and main bronchus rings.

In order to ascertain that the rapid effect was not
mediated by intracellular GC receptors and protein
synthesis, RU486 (at a final concentration 10-fold
higher than that of BUD) or CHX (10 mol/L) was
added 30 min before BUD. The rapid effects of BUD
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Figure 4 Rapid inhibitory effect of budesonide (BUD) on
acetylcholine (Ach)-stimulated O,  production by main
bronchus rings. BUD was added to bronchial rings 5 min
before stimulation with Ach. Resting bronchial rings (RBR)
were immersed in Krebs-Henseleit buffer without stimula-
tion with Ach. Ethanol (0.05%) had no effects on O, produc-
tion by main bronchus rings. *P < 0.01 compared with Ach
group; #P < 0.05 compared with Ach group (ANOVA fol-
lowed by Dunnett’s z-test).

were not blocked by RU486 or CHX (P > 0.05). CHX or
RU486 alone did not inhibit O, production (P > 0.05)
(Figs 5,6).

DISCUSSION

It is widely accepted that the striking effectiveness of
GCin asthma is due largely to their anti-inflammatory
effects, which are characterized by a lag period
ranging from 30 min to several hours or even days,
and sensitivity to the GC receptor antagonist, RU486,
and inhibitors of transcription and translation such
as actinomycin D and CHX. However, some studies
showed that BUD could rapidly inhibit histamine-
induced contraction of main bronchus rings and
airway smooth muscle cells through rapid, non-
genomic effects.® Asthma attacks and experimental
antigen challenge are both associated with increased
release of ROS and rapid loss of antioxidant capacity,
resulting in oxidative stress, which plays an important
role in the pathogenesis of asthma.**” The results of
the present study indicate that inhaled BUD may have
a rapid, non-genomic inhibitory effect on oxidative
stress in a guinea pig asthma model.

BALF TEAC and lung MnSOD activity were mea-
sured to assess the degree of oxidative stress in vivo.
To determine whether BUD could directly inhibit ROS
production by inflammatory cells and bronchial
smooth muscle, the effect of BUD on PMA-induced
O, production by BALF cells and Ach-induced O,
production by bronchial smooth muscles was mea-
sured in vitro. Inhalation of one clinical dose of BUD
(500 pg) results in airway tissue concentrations of
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Figure 5 RU486 (107 mol/L) and cycloheximide (CHX)
(10~ mol/L) did not affect the inhibitory action of budes-
onide (BUD) (10 mol/L) on phorbol myristate acetate
(PMA)-stimulated O,  production by BAL fluid (BALF) cells.
BALF cells were separately incubated with BUD,
BUD+RU486, RU486, BUD+CHX or CHX. RU486
(107" mol/L) and CHX (10 mol/L) alone had no effect on
O, production by BALF cells. *P < 0.01 compared with PMA
group; #P < 0.05 compared with PMA group (ANOVA fol-
lowed by Dunnett’s ¢-test). NC, normal saline control group.
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Figure 6 RU486 (107 mol/L) and cycloheximide (CHX)
(10™* mol/L) did not affect the inhibitory action of budes-
onide (BUD) (10°® mol/L) on acetylcholine (Ach)-stimulated
O, production by main bronchus rings. Main bronchus
rings were separately incubated with BUD, BUD+RU486,
RU486, BUD+CHX or CHX. RU486 (107 mol/L) and CHX
(10~ mol/L) alone had no effect on O, production by main
bronchus rings. #Significant difference, P < 0.05 compared
with Ach group (ANOVA followed by Dunnett’s ¢-test). RBR,
resting bronchial rings.

approximately 10°-107 mol/L," and therefore BUD
concentrations of 10°-107 mol/L were used in vitro.

BALF TEAC and lung MnSOD activity were mark-
edly higher in the BUD group than in the HPMC
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group, and this effect was apparent 15 min after
administration of the drug. The results of cell count-
ing showed that the inhibitory effect of BUD on oxi-
dative stress was not caused by a decrease in the
number of inflammatory cells, but by a direct inhibi-
tion of ROS production by inflammatory cells. BUD
also rapidly inhibited in vitro O, production by BALF
cells and main bronchus rings within 15 min of
adding the drug. Moreover, pretreatment of asthmatic
guinea pigs, BALF cells and main bronchus rings with
the GC receptor antagonist, RU486, or the protein
synthesis inhibitor, CHX, did not alter this rapid effect
of BUD. Thus, it can be concluded that the effect of
BUD was mediated by a rapid non-genomic mecha-
nism rather than by the classical genomic mecha-
nism, which usually has a lag period ranging from
30 min to several hours or even days. BUD rapidly
inhibited ROS production within a short time period
and may reduce the direct damaging effects of ROS on
proteins, lipids and DNA, thereby attenuating airway
smooth muscle contraction, airway hyperresponsive-
ness and mucin secretion.

RU486 is a high-affinity antagonist of the GC recep-
tor that has been demonstrated to be effective in
blocking the classical genomic effects of GC.'"" A
10-fold higher concentration of RU486 relative to GC
completely blocked the binding of GC to the receptors
in vitro.® CHX, a protein synthesis inhibitor, has
been shown to block IL-6 synthesis at 1 umol/L.*' In
the present experiments, a CHX concentration of
10™* mol/L was used.

The degree of GC’s inhibitory effect was quite small
and <25% in most cases. Because O, production and
oxidative stress is a complicated process involving
multiple cells and signalling molecules, the inhibitory
effect of GC may only impact selected populations
of cells and signalling molecules, explaining the low
degree of the inhibition.

The present findings, taken together with those
of others, suggest that besides their classical genomic
effects, GC may also exert therapeutic effects in
asthma through a non-genomic inhibitory effect on
oxidative stress, airway smooth muscle contraction,?
mucin secretion” and airway mucosal blood flow.”
Although the exact mechanisms of these actions are
not fully understood, the rapid, non-genomic inhibi-
tory effects of GC may be expected to have significant
therapeutic implications for asthma treatment.

In conclusion, this study showed that GC have a
rapid, non-genomic inhibitory effect on oxidative
stress in asthmatic guinea pigs in vivo, and on O,
production by BALF cells and main bronchus rings in
vitro. These findings cast new light on the mechanism
ofaction of GC in asthma and may contribute to future
developments in the clinical treatment of asthma.
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