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1 In this study, an attempt was made to distinguish between local and systemic effects of low doses of
the topical glucocorticoid, budesonide. The effect of aerosolized budesonide administered to the lower
airways versus intravenously administered budesonide on the acute and late response to nebulized
Ascaris suum extract in the lung, was evaluated in the minipig after active sensitization with purified 4.
suum antigen. Budesonide was administered once, 1 h prior to 4. suum challenge and airway reactions
and mediator release were observed for 8 h after allergen challenge.

2 In the budesonide aerosol group (n=6), 10.24+ 1.2 ug kg~' budesonide was given locally and in the
budesonide infusion group (n=5), 5 ug kg~' was given intravenously. The area under the plasma
concentration curve for budesonide during the experiment was 11.4+1.2 and 10.3+1.2 nM h in the
budesonide aerosol and budesonide infusion group, respectively (no significant difference). The lung
tissue content of budesonide in the two groups was 45.2+4.9 and 18.4+3.5 nmol kg~! dry tissue,
respectively, 8 h after allergen challenge (P <0.05). For comparison, 6 pigs were given budesonide vehicle
as an infusion prior to 4. suum challenge.

3 Total lung resistance (Rp) increased acutely (maximal response within 15 min) in the budesonide
aerosol, budesonide infusion and budesonide vehicle groups (by 91+40, 1504+86 and 80+27%,
respectively). The acute reaction partially resolved at about 1 h and was followed by a late increase in Ry
in the budesonide infusion and budesonide vehicle groups (by 251+148 and 281+136% at 8 h,
respectively). However, no late change in Ry was seen in the budesonide aerosol group (7 +24%).

4 Aerosolized budesonide had a protective effect in that it attenuated the late changes in arterial blood
gas and pH as well as the late elevation of plasma catecholamines. Budesonide given as an infusion did
not protect against the late changes in these parameters. However, budesonide aerosol or infusion did
not inhibit the late vasodilatation in the bronchial circulation.

5 Histamine and cysteinyl-leukotrienes were released during the acute reaction as measured by urinary
concentration of methylhistamine and leukotriene E, respectively. There was no release of histamine
during the late reaction. A late increase in leukotriene E, was observed in 2 of the budesonide infusion
and 3 of the budesonide vehicle pigs, whereas no such increase was seen in any of the budesonide aerosol
pigs.

6 Budesonide concentration in lung tissue, but not in plasma at 8 h correlated negatively with the late
increase in Ry, (P<0.05, r= —0.53, n=10), whereas budesonide concentration in plasma but not in lung
tissue correlated negatively with the late decrease in dynamic compliance (P<0.05, r= —0.67, n=12).
7 This study has shown that a single low dose of locally administered budesonide can inhibit the late
allergic reaction in the pig lower airways. If budesonide was given as an intravenous infusion in a dose
yielding a plasma concentration similar to that seen after the aerosol treatment, the protective effect of
budesonide was poor. It may be suggested that the tissue-bound portion of budesonide affects local
mechanisms involved in the development of late changes in the airways (Ry), although it does not affect
the late increase in bronchial blood flow. We conclude that the inhibitory effect of budesonide on the
allergen-induced late reaction in the pig airways relates to tissue-bound steroid, and that the systemic
component is of less importance.

Allergy; Ascaris suum; bronchial circulation; budesonide; cysteinyl leukotrienes; histamine; late airways
obstruction; sensitized minipigs

Introduction

It has long been known that glucocorticoids can inhibit late
asthmatic reactions in human subjects (Booij-Noord et al.,
1971), and these substances are now frequently used in the
treatment of asthma. To avoid systemic side-effects associated
with glucocorticoid treatment, a glucocorticoid with a high
ratio for topical over systemic activity would be preferable.
Budesonide, with potent anti-inflammatory action (Brattsand
et al., 1982), shows high affinity for the lung and is not me-
tabolized to any major extent within the lung (Ryrfeldt et al.,
1989). In contrast, budesonide is rapidly metabolized in the
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liver once absorbed to the systemic circulation (Ryrfeldt et al.,
1982). Pharmacokinetic properties like these would be ex-
pected to minimize systemic side-effects; however, it has been
difficult to prove that the topical portion of inhaled gluco-
corticoids can be given full credit for the anti-inflammatory
effect of glucocorticoids in asthma. One study (Toogood et al.,
1990) showed that inhaled budesonide, but not oral budeso-
nide, had anti-asthmatic effects in human subjects, but plasma
levels of budesonide were not measured in this study. Some
studies performed in the dog have shown good anti-
inflammatory effects of aerosolized budesonide (Stevens et al.,
1994; Woolley et al., 1994a,b). However, in these studies rather
high doses of inhaled budesonide were used and the effects
were not compared with those of systemically administered
steroid.
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A new large-animal model for studies of the late allergic
reaction in the lower airways has recently been developed
(Fornhem et al., 1995a,b). Ascaris suum challenge in the lower
airways of actively-sensitized, low cortisol (metyrapone-trea-
ted) pigs results in an acute increase in airways resistance,
followed by a late increase starting at approximately 4 h after
challenge. During the acute reaction, histamine and cysteinyl-
leukotrienes (cys-LT) are released. In metyrapone-treated pigs,
a continuous release of cys-LT is also seen during the late
reaction. Blood flow in the bronchial artery, supplying the
bronchial mucosa increases during the acute reaction and a
late increase in blood flow is also seen, independent of the
presence of late airways obstruction. The purpose of the pre-
sent study was to determine the effects of exogenously ad-
ministered steroid on allergen-induced late reactions in the pig.
Minipigs were chosen to enable future chronic experiments,
and the sensitization procedure was improved by using a
highly allergenic protein fraction purified from an A. suum
extract. In the sensitized minipig, we examined the effects of a
single low dose of budesonide, administered as an aerosol or as
an intravenous infusion, on changes in pulmonary mechanics
and mediator release evoked by airway challenge with 4. suum.

Methods

The experiments were approved by the local Ethical Com-
mittee for animal research.

Purification of A. suum allergen

Crude freeze-dried A. suum extract was dissolved in 0.075 M
Tris, pH 7.4, ultracentrifuged 2 times for 1 h at 20,000 g and
applied on a Sephacryl S-200 superfine column with a total
volume of 500 ml (Pharmacia Biotech AB, Uppsala, Sweden)
at a flow rate of 0.8 ml h~!. The sample volume was 10 ml and
10 ml fractions were collected. Absorbance was measured at
280 nm and 260 nm on a Hitachi 150—20 spectrophotometer.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed on a PhastSystem (Pharmacia
Biotech) under unreduced conditions using gels with 10—-15%
polyacrylamide and silver staining according to the manufac-
turer’s instructions.

Sensitization

Twenty-three male specific pathogen-free Go6ttingen minipigs
(Ellegaard, Dalmose, Denmark) weighing 11-23 kg were used
in the study. All of them were sensitized with s.c. injections of
0.13 mg A. suum allergen purified from crude extract, in a
suspension of Al(OH), starting at the age of approximately 6
months. Booster doses were given after 3 and 6 weeks.

Surgical preparation

About one week after the last allergen booster, the pigs were
fasted overnight and premedicated with ketamine hydro-
chloride (20 mg kg~! i.m.) and anaesthesia was induced by
sodium pentobarbitone (12 mg kg~' i.v.) introduced into an
ear vein (09 h 00 min). Blood samples for analysis of basal
cortisol levels were taken from this vein. The adequacy of
anaesthesia was tested by pinching the interdigital skin. Pan-
curonium bromide was given to achieve muscle relaxation
(0.2 mg kg™, i.v.) and after tracheotomy, the pigs were in-
tubated and ventilated with a mixture of air and oxygen using
a Servo ventilator (900; Siemens-Elema, Sweden). No positive
end-expiratory pressure was used. Anaesthesia was maintained
by continuous i.v. infusion of pentobarbitone (9 mg kg=' h™")
and pancuronium bromide (0.6 mg kg=' h~') through a ca-
theter placed in one femoral vein. Ringer solution with 0.5%
glucose (250 ml h~') was given through the same catheter. A
femoral artery was cannulated for continuous recordings of
mean arterial pressure (MAP) and heart rate, and the stability

of these parameters was used as control of the adequacy of
anaesthesia. Blood samples were drawn from a catheter in a
femoral artery. Heparin was given in all catheters in a total of
4000 iu before the start of the experiment. Arterial blood gas
partial pressures and pH were monitored at least hourly with
an automatic blood gas analyser (IL 1302, Metric AB, Solna,
Sweden). Arterial blood gases and pH were adjusted by
changing the ventilator settings to a PO, of 12—15 kPa, a PCO,
of 4.5-5.5 kPa and a pH of 7.4—7.5 before allergen challenge.
Body temperature was maintained at 38 —39°C with a heating
pad connected to a thermostat. For urine collection, the ureter
on the left side was dissected free and a catheter was inserted.
After a right-side thoracotomy, the bronchial artery, which
supplies the tracheobronchial tree from the lower trachea
down to the peripheral bronchioles, was dissected free and a
flow probe (Transonic probe 2SB) was placed around the
vessel and connected to an ultrasonic blood flow meter (T202S;
Transonic System Inc., Ithaca, NY, USA) for continuous re-
cording of absolute blood flow. The resolution of the probe
was 0.1 ml min~' and the relative accuracy was +2% ac-
cording to the manufacturer. The respiratory pressure was
measured by connecting an outlet of the extratracheal tube to a
Stratham PM 131 TC pressure transducer and this value was
used as a measure of transrespiratory pressure (P,;), since in-
trapleural pressure was equal to atmospheric pressure because
of the thoracotomy. Airflow (V) was measured with a heated
pneumotachygraph (Model 3500A, Hans Rudolph Inc., Kan-
sas City, U.S.A.) connected to a pressure transducer (Kent
Scientific, Litchfield, CT, U.S.A.).V and P, signals were sent to
an AP 200 Pulmonary Computer (ConMeTech AB, Uppsala,
Sweden) for on-line calculations of total lung resistance (R;)
and dynamic lung compliance (Cyy,). All cardiovascular and
pulmonary parameters were continuously recorded on a Grass
polygraph and simultaneously collected on an Apple Ma-
cintosh data acquisition system for analyses and graphical
presentation.

Skin testing

A skin test using the crude extract of 4. suum in a 10 fold
dilution series was performed to classify the degree of sensi-
tivity to the allergen. The allergen was given intradermally in a
volume of 50 ul per site 1 h prior to the aerosol challenge. The
end-point of titration was determined as the lowest con-
centration giving a dark reddening exceeding 2 mm, 10 min
after the injection. Pigs responding only to undiluted extract
were classified as class 1-responders, those responding to a 10
fold dilution were class 2, those responding to a 100 fold di-
lution class 3, etc. Pigs of classes 3 and higher were included in
the study (one pig was excluded).

Metyrapone treatment

All pigs were given a bolus dose of metyrapone of 10 mg kg~',
i.v.,, 2 h before the allergen challenge (about 11 h 00 min),
followed by a continuous i.v. infusion (1.0 mg kg=! h~!).

Budesonide inhalation

Micronized dry powder of budesonide was compressed to a
tablet in a brass cup supplied by Astra Draco AB (Lund,
Sweden). The cups were connected to a modified Wright Dust
Feeder (Adams, London, UK) driven by a speed-control mo-
tor (Motomatic II, Electro-Craft, South Eden Prairie, MN,
U.S.A.). Powder was scraped off the tablet by a scraper blade
and aerosolized in a current of air (airflow 10 lmin~') mea-
sured by a rotameter (Fisher 1100). The aerosol was fed into
the endotracheal tube. The particle concentration generated by
the Wright Dust Feeder was monitored by a light-scattering
instrument (model AMS 950, Casella, Bedford, U.K.) and the
speed of the Wright Dust Feeder was adjusted if necessary to
maintain a constant particle concentration predetermined to
deliver the dose over 5 min inhalation. The particle size of
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budesonide (1.86 um; mass mean aerodynamic diameter, geo-
metric s.d. 2.0) was measured with an aerodynamic particle
sizer (model APS 33B, TSI, St. Paul, MN, U.S.A.) in a vertical
wind tunnel.

Six pigs were given budesonide aerosol 1 h before allergen
challenge in an amount of 10.24+1.2 ug kg~' (denoted bude-
sonide aerosol group).

Budesonide infusion

Solubilized budesonide for the i.v. infusion was stored at 4°C
at a concentration of 0.5 mg ml~' in 10% ethanol and 40%
polyethyleneglycol. The stock solution was diluted in saline
immediately prior to the infusion. Five pigs (denoted budeso-
nide infusion group) were given a budesonide infusion of
5 ug kg~! during a 5 min period 1 h before allergen challenge
in a femoral vein catheter with an outlet near the heart. Six
pigs (denoted budesonide vehicle group) were instead given an
infusion of diluted budesonide vehicle (0.4% ethanol and 1.5%
polyethyleneglycol in saline) 1 h before allergen challenge.

Antigen challenge

Challenge with the nebulized allergen was performed 1.5 h
after the end of the surgical preparation. The allergen consisted
of an ultracentrifuged extract of A. suum delivered to an ul-
trasonic nebulizer (NB 108, Engstrom Medical, Stockholm,
Sweden) connected to the inspiratory limb of the ventilator.
The nebulizer generated particles with a diameter of 0.5—
10 ym resulting in even distribution of the antigen in the air-
ways. The aerosol was delivered via an endotracheal tube to
the lower airways until an increase in tracheal pressure of
5 cmH,0 was achieved. The amount delivered to the aerosol
chamber was 7—35 mg in 0.5-2.5 ml saline. The five control
pigs were given 20 mg of ovalbumin in 2 ml saline as an
aerosol during 5 min.

Budesonide tissue level measurement

The animals were killed with an overdose of pentobarbitone and
central and peripheral lung tissue was immediately collected and
frozen in dry-ice-chilled isopentane. The tissue was stored at
—70°C until analysis of budesonide at Astra Draco AB. Frozen
lung tissue was thawed and homogenized (Polytron PT3000,
Kinematica AG, Switzerland) together with water. The homo-
genate was freeze-dried (Flexi-Dry MP, FTS Systems, Inc.,
U.S.A.). The freeze-dried samples were extracted in ethanol
together with an internal standard in a microwave extracting
system (MES 1000, CEM Corporation, NC, U.S.A.) at a tem-
perature of 90°C for 30 min. The extracts were centrifuged at
1520 g for 15 min (Beckman TJ-6, Beckman Instruments Inc.
Spinco Division, CA, U.S.A.). Budesonide levels in extracts
were measured by liquid chromatography and mass spectro-
metry (Finnegan SSQ700 equipped with Thermospray interface,
Finnegan Corporation, CA, U.S.A.).

Budesonide plasma level measurement

Heparinized venous blood (20 ml) was centrifuged at 750 g for
20 min at 4°C. The plasma was withdrawn and separated into
aliquots of 3.5 ml and stored at —20°C. Budesonide levels were
analysed at Astra Draco AB by mass spectrometry. Plasma
cortisol did not interfere with the measurement of budesonide.

Arterial blood gases

Arterial blood for monitoring of blood gases and pH was
drawn 45 and 5 min prior to allergen challenge and 15 min and
once every hour after the allergen challenge. Supplemental
oxygen was given to pigs that had severe acute reactions (i.e. if
Po, was less than 7 kPa at 15 min). Pigs with severe acidosis
(pH less than 7.25 at 15—30 min) were given a buffering so-
lution (a combination of trometamol, bicarbonate and acetate;

Tribonat) as an i.v. infusion until arterial pH was stabilized.
No ventilatory corrections were made to compensate for
acidosis. Between 2 and 8 h after 4. suum challenge no more
buffering solution was given, and supplementary oxygen was
fixed at a certain level at 2 h.

Plasma levels of cortisol and catecholamines

Arterial blood mixed with EDTA to a final concentration of
10 mM was kept on ice for a maximum of 30 min before cen-
trifugation at 4°C, 680 g for 10 min. Plasma was collected and
stored at —70°C until analysis. Plasma concentrations of cor-
tisol were determined by a radioimmunoassay (Orion Diag-
nostica AB, Trosa, Sweden), with a detection limit of 3—5 nM.
In two blood samples, budesonide was added to a concentration
of 23 uM to check for possible interference of budesonide in the
cortisol radioimmunoassay. Catecholamines (adrenaline and
noradrenaline) were determined after alumina extraction by
cation-exchange high-performance liquid chromatography
(h.p.l.c.) with electrochemical detection according to Hjemdahl
(1987).

Detection of urinary mediators

Urine was collected on ice in 1 h fractions, starting 1 h prior to
the allergen challenge. Samples were centrifuged for 10 min at
4°C and 680 g and stored at —70°C until analysed.

Methylhistamine was determined by radioimmunoassay
(Pharmacia AB) after dilution of samples 300 times.

Immunoreactive LTE, equivalents were determined with
radioimmunoassay using [*H]-LTE, as a tracer and a mono-
clonal LTDg4-antibody with cross-reactivities for LTC, and
LTE, of about 50% (Advanced Magnetics Inc., Cambridge,
MA, U.S.A)). The standard curve was set up with synthetic
LTE, and the detection limit was about 50 fmol. All reagents
were incubated at 4°C overnight. The antigen-antibody com-
plexes formed were precipitated with polyethyleneglycol,
samples were centrifuged, and free radiolabelled ligand in the
supernatant was counted with liquid scintillation.

Creatinine was determined by standard colorimetric assay
by the alkaline picrate method (Sigma Diagnostics, St. Louis,
MO, US.A).

Calculations and statistics

Blood flow was recorded in ml min~! and vascular resistance
(VR) in the bronchial circulation was defined as MAP divided
by bronchial blood flow.

R, and Cgy, were calculated as described by Mead (1961).
R, was calculated using the formula

_ Py — Py
i 7

at the 50% isovolumetric level. C4y, was calculated as

tidal volume

Ptr max

The concentration of methylhistamine and LTE, in urine
was divided by the concentration of creatinine in the same
samples.

Data are presented as mean+s.e. mean. Statistical eva-
luations were performed using Student’s two-tailed ¢ test
(differences considered significant if P<0.05) and one-way
analysis of variance (ANOVA) (paired or unpaired) when
appropriate. Plasma adrenaline and noradrenaline values
were transformed to logarithmic values to obtain normal
distribution. Ry and Cg,, were evaluated by the Mann-
Whitney U test (non-parametric) due to differences in varia-
tion within groups.

Correlation statistics were performed using Pearson’s cor-
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relation test (parametric). Relative increase in Ry and decrease
in Cy4y, from baseline were used. All evaluations were per-
formed using InStat (GraphPad Software) on an Apple Ma-
cintosh computer.

Drugs

A. suum extract (Pharmacia AB, Diagnostics, Uppsala, Swe-
den), ketamine hydrochloride (Parke-Davis, Barcelona,
Spain), sodium pentobarbitone (Apoteksbolaget, Umed, Swe-
den), pancuronium bromide (Organon, Oss, The Netherlands),
metyrapone (Sigma, St. Louis, MO, U.S.A.), ovalbumin (Sig-
ma) and Tribonat (Pharmacia AB) were obtained as indicated.

Results

Sensitization

Purification of the crude A. suum extract on the gel filtration
column resulted in a chromatogram which, read at 280 nm, had
a major peak at the void volume, containing large proteins and
complexes, a peak containinga 15 kD protein and a peak eluted
after one column volume and showing absorption at 260 nm.
Proteins with a molecular weight ranging from 10 to 70 kD and
eluted between 46— 69% of the column volume were pooled and
used for sensitization. The major protein in this pool was 15 kD,
but bands at 25 and 50 kD were also noted. Fractions not in-
cluded in the pool were those containing large complexes and
proteins with molecular weight over 100 kD and fractions eluted
after one column volume, mostly nucleic acids.

All pigs responded with an acute reddening and oedema to
A. suum challenge in the skin. Pigs included in the study were
of class 3 (1 pig), class 4 (8 pigs), class 5 (5 pigs), class 6 (6 pigs)
and class 7 (2 pigs). The average skin sensitivity did not differ
between the groups.

Budesonide plasma and tissue levels

Plasma budesonide concentration and the amount of budeso-
nide found in lung tissue at 8 h are presented in Table 1.

Plasma budesonide concentration was significantly higher
1 h prior to A4. suum challenge in pigs given budesonide as an
infusion than in those given budesonide as an aerosol. The
difference was smaller 30 min prior to 4. suum challenge, and
at 4 and 8 h after 4. suum challenge, no differences could be
detected between the two groups. The area under the plasma
concentration curve for budesonide from budesonide admin-
istration 1 h before until 8 h after 4. suum challenge was si-
milar in the two groups (Table 1).

Table 1 Plasma concentration of budesonide (nM), area
under the budesonide plasma concentration curve (AUC)
after budesonide infusion or aerosol administration (1h
before allergen challenge) until the end of the experiment
8h after challenge (nMh), and lung tissue content of
budesonide at the end of the experiment (pmolg™ dry
tissue)

Time before or  Budesonide infusion Budesonide aerosol

after A.suum (Sugkg™) (10 ugkg™)
challenge plasma lung plasma lung
—1n® 14.6 £ 1.2%%* 5.86+0.82

—30min 1.95+0.18* 3.03+0.44

+4h 0.28+0.04 0.29+0.04

+8h 0.16+0.03 18.4+3.5%* 0.16+0.02 45.2+4.9
AUC 103+1.2 11.4+1.2

$Blood samples taken immediately after the end of
budesonide administration. *P<0.05, **P<0.01 and
***P<(0.001 compared to the aerosol group, Student’s
t test, n=5-6.

Lung mechanics

The basal levels of R and Cgy, at the time of A. suum challenge
were similar in all 4 groups (Table 2). The mean amount of A4.
suum allergen delivered to the nebulizer was 22.1+4.5 (n=17)
and did not differ between groups.

A. suum challenge caused an acute increase in R; with a
peak at 12—13 min which had partially resolved at about 1 h
(Figure 1). The acute reaction was followed by a further late
increase in R; in the budesonide vehicle and budesonide in-
fusion groups (starting at 3.8 +0.6 and 1.940.7 h after aller-
gen challenge, respectively). No late increase in R, was seen in
the budesonide aerosol group. Ry was significantly different in
the budesonide aerosol and budesonide infusion groups be-
tween 2 and 8 h after allergen challenge (P<0.05, Mann-
Whitney U test, n=>5-6). In the ovalbumin-challenged group,
no changes whatsoever in Ry were seen.

After A. suum challenge there was a fall in Cqy, that peaked
at 8—16 min and returned partially to baseline within 1 h
(Figure 2). Between 2 and 8 h, Cqy, progressively decreased in
all groups, including the ovalbumin-challenged pigs, with no
significant difference between the A. suum-challenged pigs.
However, the decrease in Cqy, in the budesonide vehicle group
was significantly larger than in the ovalbumin group, whereas
the development of C,,, in budesonide-treated pigs was closer
to that seen in ovalbumin-challenged pigs.

Plasma cortisol and catecholamines

Budesonide did not interfere with the measurement of plasma
cortisol. Plasma cortisol levels 15 min prior to allergen chal-
lenge and 8 h after challenge were not influenced by budeso-
nide treatment (Table 3). Cortisol levels decreased during the
experiment in all groups of pigs.

No differences in plasma levels of catecholamines were
found between the different groups 15 min prior to allergen
challenge (Table 3). Adrenaline levels were significantly ele-
vated in the budesonide infusion group and noradrenaline
levels were significantly elevated in the budesonide vehicle
group 8 h after allergen challenge, whereas none of the ca-
techolamines was increased in the budesonide aerosol or
ovalbumin groups (Table 3).

Arterial blood gases and pH

Arterial blood gases and pH before the allergen challenge
(—15 min), during the acute reaction (+ 15 min), after the
acute reaction had resolved (+2 h) and at 8 h after challenge
are presented in Table 4. No differences in basal levels
(—15 min) between the 4 groups in arterial blood gases and

Table 2 Basal levels of Ry, (cmH,0l™'s), Cgyn (mlemH,07™"),
MAP (mmHg), heart rate (b.p.m.) and vascular resistance
in the bronchial circulation (VRp,) (mmHgml ™ min) at the
time of allergen challenge

Budesonide Budesonide Budesonide Ovalbumin

vehicle infusion aerosol
Ry 41+£09 3.6+02 44+08 49+0.7
Cayn 15.5+£22 174+06 19.6+18 17.1+£2.6
MAP 123+7 128+5 1356 138+7
Heart rate 113+10 113+6 130+9 125+17
VR, 27.1+4.5 59.4+346 124+49 23.1+£5.1

Methylhistamine 0.62+0.12 0.57+0.07 0.35+0.02 0.45+0.16
LTE, 0.81+0.38 0.89+0.16 1.39+0.26 0.55+0.19

The basal levels of the mediators methylhistamine (mmol
mol™! creatinine) and LTE4 (umol mol ™! creatinine) are from
urine collected during the hour prior to allergen challenge.
No significant difference between the groups was noted for
any parameter (ANOVA, n=5-6).
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Figure 1 Changes in Ry in (a) budesonide vehicle (n=6), (b)
budesonide infusion (n=5) and (c) budesonide aerosol (n=6) pigs.
The A. suum-challenged pigs (continuous lines) are compared to
ovalbumin-challenged pigs (broken lines, n=5), *P<0.05, Mann-
Whitney U test.

pH were found (ANOVA). During the acute reaction, there
was a fall in PO, and pH and a rise in PCO, in the 4. suum-
challenged groups. During the late reaction, PO, was still
markedly decreased in the budesonide vehicle group, but not in
the budesonide aerosol and budesonide infusion groups. The
late decrease in PO, was seen even though 28 +2% oxygen was
given from 2 to 8 h after 4. suum-challenge (no differences
between groups), whereas pigs challenged with ovalbumin did
not receive supplementary oxygen.

Arterial blood PcoO, in A. suum-challenged pigs progres-
sively increased in the budesonide vehicle and budesonide in-
fusion groups, whereas in the budesonide aerosol group Pco,
started to return to baseline within the observation period. A
similar pattern was seen for arterial pH, and at 8 h, the pH in
the budesonide infusion group was lower than the pH in the

Change in Cdyn (%)

_60|'I*'l'l'1'|'l'|'ll
-1 0 1 2 3 4 5 6 7 8

*

A Lt L S S N B S B B
-1 0 1 2 3 4 5 6 7 8 9
Time (h)
Figure 2 Changes in Cgy, in (a) budesonide vehicle (»=6), (b)
budesonide infusion (n=5) and (c) budesonide aerosol (n=6) pigs.
The A. suum-challenged pigs (continuous lines) are compared to
ovalbumin-challenged pigs (broken lines, n=5), *P<0.05, Mann-
Whitney U test.

budesonide aerosol group (P<0.05, unpaired ¢ test, n=5-6).
Buffer solution was given intravenously during the acute re-
action to none of the budesonide vehicle, 3 of the budesonide
infusion and 4 of the budesonide aerosol pigs to prevent ex-
treme acidosis. Blood gas values and pH were stable within the
observation period in the ovalbumin group, except for a slight
decrease in PO, at 8 h.

Mean arterial pressure and heart rate

MAP and heart rate at 15 min before allergen challenge were
not statistically different in the four groups of pigs (see Table
2) with overall MAP and heart rate values of 130+4 mmHg
and 119 +4 beats per min (n=22), respectively. An acute in-
crease in both MAP (259+4.9%) and heart rate
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(49.2+10.7%) was noted in all 4. suum-challenged pigs
(n=17) with a peak after approximately 10 min. No acute
changes in MAP or heart rate were seen in ovalbumin-
challenged pigs. The increase in MAP had resolved within 1 h,
and from this time and to the end of the experiment, MAP
progressively decreased. This decrease was more pronounced
in budesonide vehicle pigs and budesonide infusion pigs than
in budesonide aerosol pigs, reaching levels of 78 +5 (n=6),
7545 (n=5) and 951+ 4 (n=6) mmHg at 8 h, respectively. The
decrease in MAP in the ovalbumin-challenged pigs was small
(reaching 112+4 mmHg at 8 h, n=>5). The increase in heart
rate had not resolved completely at 1 h after A. suum challenge
and was still slightly elevated in budesonide vehicle pigs and
budesonide infusion pigs 8 h after A. suum challenge (156 + 19
and 148 +21 mmHg, respectively, n=5-6), but not in bude-
sonide aerosol pigs and ovalbumin-challenged animals
(121+10 and 116 +9 mmHg, respectively, n=15-6).

Vascular resistance in the bronchial circulation

Vascular resistance in the bronchial circulation was success-
fully measured in 15 of the pigs used in the study. Basal values
are shown in Table 4. An acute decrease in vascular resistance
was noted in the 4. suum-challenged pigs. After the first de-
crease, vascular resistance first returned towards basal values

Table 3 Plasma concentration of cortisol, adrenaline and
noradrenaline at 15min prior to allergen challenge and at
the end of the experiment (8 h after challenge)

Budesonide Budesonide Budesonide Ovalbumin

vehicle infusion aerosol
Cortisol
—15min 50.4+9.8 61.2+7.1 755+48 91.9+19.5
8h 23.2+441 234+1.2f 22.8+09f 258+1.7¢
Adrenaline
—15min 2.1+1.1 1.0£02 12+04 1.6+04
8h 2.8+0.7 45+1.7t 14+0.5 1.5+0.7
Noradrenaline
—15min 1.9+0.8 31+14  19+0.6 1.7+0.2
8h 20.3+11.5t 12.2+53 2.8+0.8 1.3+0.2

All concentrations are given in nM.tP<0.05 compared to
15min before challenge (paired ¢ test). The basal levels
(—15min) or the levels at 8 h were not different in the 4
groups (ANOVA, n=5-6).

and then decreased again with different time course in in-
dividual pigs. This second decrease was observed irrespective
of whether or not late bronchial obstruction was present and
budesonide treatment did not influence these changes in
bronchial vascular resistance (Figure 3).

Mediators in urine

Basal levels of the urinary metabolites methylhistamine and
leukotriene E, (LTE,) are listed in Table 2. A significant in-
crease in urinary methylhistamine was noted in the budesonide
infusion and budesonide aerosol groups during the acute re-
action (Figure 4). The increase in the budesonide vehicle group
was moderate and was significant only in urine collected dur-
ing the second hour after allergen challenge. No increase in
methylhistamine was seen during the late reaction in any
group. LTE, was increased in some of the pigs during the acute
reaction, resulting in significant increases of LTE, in the bu-
desonide-treated pigs in urine collected during the second hour
after allergen challenge (Figure 5). No significant increase in
LTE, levels could be detected during the late reactions in the
A. suum-challenged groups, although 2 and 3 animals showed
increased levels between 4 and 8 h in the budesonide vehicle
and budesonide infusion groups, respectively. In the budeso-
nide aerosol group none of the pigs showed this increase.
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Figure 3 Changes from basal levels in vascular resistance in the
bronchial circulation (VRg,) in a budesonide infusion pig (@)
receiving late bronchial obstruction and a budesonide aerosol pig (I)
without late bronchial obstruction. Similar vascular responses were
also seen in budesonide vehicle pigs.

Table 4 Arterial blood oxygen tension (P0,, kPa), carbon dioxide tension (Pco,, kPa) and pH at different time points from allergen

challenge
Budesonide Budesonide Budesonide Ovalbumin
vehicle infusion aerosol

PO,

—15min 146+1.1 13.3+0.5 13.7+0.5 13.2+04
15min 7.2+£0.8t% 7.1+1.3% 7.3+1.0tt 13.3+0.2
2h 9.2+0.5tt 10.5+0.7+t 10.2+0.5% 12.4+0.5
8h 8.1+1.0tt 10.5+1.3 11.8+09 11.2+0.7
Pco,

—15min 5.0+0.3 52+0.3 53+0.2 5.1+0.2
15min 6.0+£0.211 6.7+0.6% 6.7+£0.4t 5.2+0.1
2h 6.1+£0.21% 6.9+0.8t 6.9+0.5% 5.1+0.3
8h 7.6+1.0t 8.4+19t 6.4 +0.4% 54+0.2
H
p_ 15min 7.44+0.03 7.45+0.02 7.43+0.01 7.45+0.02
15min 7.38 +0.021 7.33+0.06t1 7.36 £0.02+ 7.45+0.02
2h 7.36+0.01 7.34+0.03t 7.34+0.03% 7.44+0.02
8h 7.25+0.07t 7.27+0.05tt 7.37+0.01% 7.44+0.01

+P<0.05 and 11P<0.01 compared to 15min before allergen challenge (paired ¢ test, n=75-6).
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Figure 4 Changes in urinary methylhistamine in relation to
creatinine excretion in (a) budesonide vehicle (n=6), (b) budesonide
infusion (n=5) and (c) budesonide aerosol (n=6) pigs. The A. suum-
challenged pigs (continuous lines) are compared to ovalbumin-
challenged pigs (broken lines, n=5), *P<0.05, Mann-Whitney U
test. Symbols are placed in the middle of collecting periods (1 h).

Correlations

The correlations (Pearson’s correlation test) were made using
all A. suum-challenged pigs. Budesonide in plasma correlated
negatively with the late decrease in Cqyn (P<0.05, r=—0.67,
n=12) whereas budesonide in lung tissue correlated negatively
with the late increase in Ry (P<0.05, r=—0.53, n=10), but
not vice versa. Acutely released methylhistamine correlated
with acute changes in both Ry and Cgy, (P<0.05, r=0.57,
n=17 and P<0.01, r=0.66, n= 17, respectively). Acutely re-
leased LTE, correlated with the acute R response (P <0.001,
r=0.75, n=17), but not with late responses in Ry or Cgy, or
acute response in Cyyy.
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Figure 5 Changes in urinary leukotriene E4 (LTE,) in relation to

creatinine excretion in (a) budesonide vehicle (7= 6), (b) budesonide
infusion (n=>5) and (c) budesonide aerosol (n=6) pigs. The A. suum-
challenged pigs (continuous lines) are compared to ovalbumin-
challenged pigs (broken lines, n=5), *P<0.05, Mann-Whitney U
test. Symbols are placed in the middle of the collecting periods (1 h).

Discussion

In this study the effects of locally and systemically adminis-
tered budesonide on allergen-induced late reactions in the pig
lower airways were studied. Budesonide was given in a clini-
cally relevant dose delivered in two different ways 1 h before
allergen challenge. The amount of budesonide administered
was adjusted to give the same area under the curve for plasma
concentrations of budesonide after local and systemic admin-
istration.

To improve the sensitization procedure, which entails
subcutaneous injections of A. suum extract in aluminium
hydroxide, allergenic proteins were purified from the crude
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extract. Some components from the 4. suum extract have been
shown to suppress the immunoglobulin E (IgE) response to
other allergens (Soares et al., 1992). The immunosuppressive
components seem to be complexes with high molecular weight
(approximately 500 kD), while the highest IgE titres against 4.
suum were found after immunization with proteins of ap-
proximately 29 kD and in the present study proteins with
molecular weight of 10—70 kD were used for the sensitization
procedure. When the purified allergenic fraction was used for
sensitization, skin testing revealed that both minipigs (present
study) and domestic pigs (unpublished data) were markedly
more sensitive in the skin than pigs sensitized with the crude
extract. It has been suggested that the anti-inflammatory effect
of budesonide is locally mediated (Brogden & McTavish,
1992). However, few studies have been performed to confirm
this (Toogood et al., 1990). Budesonide is a glucocorticoid with
high affinity to lung tissue (Brattsand et al., 1982); it has high
intrinsic activity and is metabolized rapidly in the liver pre-
dominantly by oxidative metabolism (Brattsand et al., 1982).
Budesonide is not metabolized in the lung to any major extent
(Brattsand et al., 1982; Ryrfeldt et al., 1989). The absorption to
the circulation of aerosolized budesonide powder administered
to the lung was very rapid in the pig, with maximal plasma
levels 5 min after the end of the aerosol, as seen also in man
(Ryrfeldt ez al., 1982). In the present study, the doses of bu-
desonide were chosen to represent approximately the same
amount of budesonide whether given as an aerosol or by the
intravenous route. Studies performed in dogs in an experi-
mental system similar to ours showed that approximately 46%
of the nebulized budesonide was deposited in the lung
(Woolley et al., 1994b). We, thus, chose to give aerosolized
budesonide at 10 ug kg~' and intravenous infusion at
5 ug kg~! to achieve similar plasma concentrations. The cal-
culated area under the budesonide plasma concentration curve
during the experiment (—1 to 8 h) showed that the same
amount of budesonide reached the circulation when given by
aerosol and by infusion, whereas the amount of tissue-bound
budesonide was higher in the aerosol group.

The use of glucocorticoids may inhibit the release of adre-
nocorticotropic hormone resulting in lower levels of plasma
cortisol (Johansson et al., 1982). However, in our study, when
both control animals and experimental subjects were treated
with the cortisol-synthesis inhibitor metyrapone, no effects of
the exogenous glucocorticoid administration on plasma corti-
sol levels could be seen.

Judging from the changes in lung mechanics, and the release
of histamine and cys-LTs, the acute reaction after A. suum
challenge was more pronounced in the pigs treated with bu-
desonide. This indicates that glucocorticoids may affect IgE-
mediated mast cell activation. One possible mechanism could
be that steroids decrease the production of the proposed mast
cell inhibitor, prostaglandin E, (Raud et al., 1988), resulting in
more powerful release of mediators in pigs with higher levels of
steroids. This is also supported by other studies that showed
trends towards e.g. higher release of mast cell mediators from
dexamethasone-treated human lung tissue (Schleimer et al.,
1986), and weaker antigen-induced acute bronchoconstriction
in metyrapone-treated rats (Turner ef al., 1994), dogs (Sasaki
et al., 1987) and pigs (Fornhem et al., 1995b). Also, pretreat-
ment of sensitized pigs with the cyclo-oxygenase blocker, di-
clofenac, markedly enhances the acute bronchoconstriction
seen after A. suum challenge (Alving et al., 1991b), further
indicating the inhibitory role of prostaglandins in airway al-
lergic reactions. However, in spite of relatively moderate acute
reactions in the budesonide vehicle group, a severe late reac-
tion was seen, starting at 3—4 h after allergen challenge. This
late reaction consisted of a bronchial obstruction, and im-
pairment of arterial blood gases and pH, similar to the reaction
described earlier in the pig (Fornhem er al., 1995b). No sign of
stress as measured by catecholamine levels at 8 h was seen in
ovalbumin or budesonide aerosol pigs, whereas late bronchial
obstruction in budesonide vehicle and budesonide infusion
groups was associated with a stress reaction at this time point.

Aerosolized budesonide given in a clinically relevant dose
1 h prior to allergen challenge inhibited the allergic late reac-
tion in the pig as judged by the attenuation of changes in Ry
and Cyy, blood gases, pH and plasma catecholamine levels seen
within 8 h in this model. The rapid onset of the protective
effect of budesonide in the airways has also been shown in
human subjects, where budesonide inhaled at the start of late
asthmatic responses is able to reduce the magnitude of this
response (Paggiaro et al., 1994). However, it seems important
to reach a threshold steroid concentration, since halving of the
budesonide aerosol dose in the pig resulted in almost no pro-
tection against late changes in R; (unpublished data). LTE,,
the end metabolite for cys-LTs in the pig (Fornhem et al.,
1995a), which was detected in urine during the late reaction in
some of the pigs in the budesonide vehicle and budesonide
infusion groups, could not be detected in any animal in the
budesonide aerosol group, suggesting a suppression of LTE,
excretion when budesonide is given locally. Late release of cys-
LTs after allergen challenge in the pig has been shown earlier
and this release was shown to be sensitive to high plasma
cortisol levels (Fornhem et al., 1995a). However, due to large
variations, no statistically significant difference was achieved in
this study.

The progressive decrease in Cgy, was inhibited to a small
extent by both aerosolized and infused budesonide. The plas-
ma levels of budesonide correlated negatively with the late
decrease in Cgy,. This was not seen for the concentration of
budesonide in lung tissue, which correlated negatively with the
late increase in Ry, but not with the late decrease in Cyyn.
Infused budesonide shows much larger deposition in lung
parenchyma compared to airways, whereas aerosolized bude-
sonide is equally distributed in the two compartments (Dahl-
biack et al., 1994). Thus, circulating budesonide will relate
more closely to effects in the pulmonary circulation (as re-
flected by Cayn), Whereas tissue-bound budesonide, as mea-
sured in both compartments together, will relate relatively
more to effects in the airways (as reflected by R ). The possible
effect of budesonide on the pulmonary circulation could be due
to the ability of budesonide to reduce leakage of plasma across
both endothelial and epithelial barriers (Erjefélt & Persson,
1986), which will lead to a reduction of the fall in Cg4y,. Most of
the decrease in Cgyy, is probably caused by unspecific pul-
monary leakage in this model using thoracotomized, metyr-
apone-treated pigs (Fornhem et al., 1995b).

Interestingly, the biphasic course of the changes in vascular
resistance in the bronchial circulation (Alving et al., 1991a)
was not altered by budesonide aerosol, whereas the decrease in
MAP and the increase in heart rate during the late reaction was
reduced in the budesonide aerosol pigs, which also lacked late
bronchial obstruction. This suggests that the late bronchial
vasodilatation is independent of late airways obstruction and
systemic cardiovascular changes. Furthermore, the late vaso-
dilatation seems to be highly resistant to glucocorticoid ac-
tivity, even at high levels of endogenous cortisol (Fornhem et
al., 1995b). The mechanism for the late changes in bronchial
blood flow remains to be determined.

The present data indicate that the late allergic reaction in
the airways is a local phenomenon, as recently proposed by
Dandurand et al. (1994), who saw an allergen-induced late
bronchoconstrictor response in rat isolated lung explants in
vitro. Despite the total inhibition of the late airways obstruc-
tion in the budesonide aerosol group, clear-cut eosinophil in-
filtration and activation were still seen in this group although
slightly reduced compared to the budesonide vehicle group
(Fornhem et al., 1996). This suggests that the eosinophil is not
the primary cause of the late airways obstruction. Instead, an
important effect of budesonide in this model could be down-
regulation of a cell already present in the lung, e.g. the mac-
rophage, epithelial cell or T-lymphocyte.

In conclusion, our findings demonstrate that low doses of
locally administered budesonide effectively block the late
bronchial obstruction after allergen challenge in the pig, while
budesonide infused in a dose resulting in the same plasma



C. Fornhem et al

Local and systemic budesonide in allergic pigs 997

concentration as after aerosol administration was ineffective
on this reaction. This indicates that the late asthmatic reaction
is to a major extent mediated by steroid-sensitive locally pro-
duced factors.
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