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ABSTRACT: U-74006F, a non-glucocorticoid 21-aminosteroid, has been developed
as an inhibitor of iron-dependent lipid peroxidation. This class of compounds has
been shown to prevent antigen-induced eosinophil accumulation in the lungs.

In this study, Ascaris-sensitive, ""dual-respondent"" sheep (showing both immedi-
ate (IAR) and late (LAR) asthmatic response) (n=6) were used to assess the effect
of U-74006F on antigen-induced bronchoconstriction and airway inflammation and
reactivity 8 h after antigen challenge. Antigen provocation induced dual-phase bron-
choconstriction, bronchoalveolar eosinophilia and airway hyperreactivity (AHR) to
methacholine.

Throughout the experiment, intravenous administration of the drug significantly
reduced the IAR and inhibited the LAR along with the inhibition of eosinophil
influx, but did not inhibit the increase in airway reactivity observed 8 h after anti-
gen challenge. Post-antigen challenge treatment with U-74006 from 3 h after anti-
gen challenge also significantly reduced the LAR and bronchoalveolar eosinophilia,
although the degree of inhibitory effect was milder. The development of the LAR
appeared to be dependent on eosinophil recruitment into the lungs.

These findings suggest that lipid peroxidation is involved in antigen-induced bron-
choconstriction and eosinophil recruitment into the lungs, and that the inhibitor U-
74006F may be an effective drug for the treatment of bronchoconstriction and airway
inflammation characterized by eosinophil infiltration in asthmatics.
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Airway inflammation, characterized by the infiltration
of eosinophils, reversible bronchoconstriction, and airway
hyperreactivity in response to nonspecific stimuli, under-
lies human bronchial asthma. Chronic airway inflamma-
tion is considered to be the most important pathogenetic
factor in asthma, because the infiltrated inflammatory
cells, eosinophils in particular, in the airway, produce
various chemical substances that may contribute to the
bronchoconstriction, excess secretion of mucus, epithe-
lial damage, and nonspecific hyperreactivity that is char-
acteristic of asthma [1]. Since corticosteroids prevent
late-phase bronchoconstriction [2], allergen-induced air-
way hyperreactivity [3] and lung eosinophilia [4], many
clinical investigators consider these drugs to be the most
effective agents for the treatment of asthma [5]. However,
the side-effects associated with systemically admini-
stered corticosteroids restrict their use. The development
of nonglucocorticoid anti-inflammatory drugs that are as
effective as corticosteroids is now anticipated.

It has recently been suggested that the airway inflam-
mation in patients with asthma is associated with the
increased generation of reactive oxygen species (ROS),
which can influence airway cells and reproduce many
of the pathophysiological changes associated with asth-
ma by initiating lipid peroxidation [6]. The compound

U-74006F (21-[4-(2,6-di-1-pyrrolidinyl-4-pyrimidinyl)-
1-piperazinyl]-16-methyl-pregna-1,4,9(11)-triene-3,20-
dione, monomethane sulphonate) is one of an innovative
series of non-glucocorticoid 21-aminosteroids that are
potent inhibitors of iron-dependent lipid peroxidation
without classical glucocorticoid actions [7–9]. This class
of molecules have been shown to prevent the release of
arachidonic acid metabolites and antigen-induced lung
eosinophilia in sensitized animals [10–12]. In the pre-
sent study, the effects of U-74006F administered intra-
venously on antigen-induced bronchoconstriction and
airway inflammation and hyperreactivity to methacholine
during the late asthmatic response (LAR) were exami-
ned in Ascaris-sensitive allergic sheep.

Material and methods

Animal preparation

Twelve sheep (mean weight 28.5 kg), which were sen-
sitive to Ascaris suum (A. suum) as demonstrated by a
positive cutaneous reaction to a 1:1,000 dilution of crude
A. suum extract (Greer Diagnostics, Lenoir, NC, USA)



and showed dual-phase bronchoconstriction following A.
suum inhalation prior to the research project (dual respon-
ders), were selected for this study. "Dual responders"
were defined as animals exhibiting pulmonary resistance
(RL) increased by more than 100% of baseline value
immediately and 7 h after antigen inhalation, and RL at
3 or 4 h was less than these two values. All animals had
a silicon tube chronically placed in the vena cava via the
right jugular vein for drug administration.

Experimental design

Protocol 1: effects of U-74006F treatment before anti-
gen challenge (n=6). Six sheep were randomly select-
ed on three separate experimental occasions at timed
intervals greater than two weeks. For the antigen-alone
treatment, the sheep were challenged with A. suum anti-
gen together with the infusion of placebo (solvent (CS-
4)), with no U-74006F treatment. For U-74006F-treatment,
the sheep were challenged with A. suum antigen toge-
ther with treatment with U-74006F (donated by J.M.
McCall, Upjohn Laboratories, Kalamazoo, MI, USA)
dissolved in the solvent (CS-4; 0.02 M citric acid mono-
hydrate, 0.0032 M sodium citrate dihydrate, 0.077 M
NaCl, pH 3.0). This class of compounds is highly lipo-
philic. When such compounds are added in organic solu-
tion to physiological buffers, they microprecipitate. Thus,
in this study, the drug was prepared in a citric acid for-
mulation, which is a superior delivery technique for the
compounds. 

The U-74006F, at a dose of 2 mg·kg-1, was injected
via the right jugular vein 30 min prior to antigen chal-
lenge. The preparation was also administered using an
infusion pump, at a continuous dose of 0.5mg·kg-1·h-1,
throughout the experiment. On the controlled occasion,
the sheep were given phosphate-buffered saline (PBS)
by inhalation instead of A. suum, together with the admin-
istration of U-74006F. RL measurements were obtained
before drug administration was initiated; before antigen
challenge; and at intervals immediately, 15 and 30 min
and 1, 2, 3, 4, 5, 6, 6.5, 7, 7.5 and 8 h after antigen chal-
lenge. After the 8 h measurement of RL, a dose-response
curve to methacholine was obtained. Bronchoalveolar
lavage (BAL) was performed after complete recovery
from the methacholine challenge.

Protocol 2: effects of post-challenge treatment with U-
74006F from 3 h after antigen challenge (n=6).  The 6
remaining sheep were treated with placebo or U-74006F
from 3 h after antigen challenge, and measurements of
RL were made in the same manner as in protocol 1. After
the 8 h measurements of RL, BAL was performed.

Measurement of airway mechanics

Unsedated sheep were restrained in a cart in the prone
position with their heads immobilized. Topical anaes-
thesia of the nasal passages was applied with 4% lido-
caine solution, and a balloon catheter was then advanced
through one nostril into the lower oesophagus and posi-
tioned 5–10 cm from the gastro-oesophageal junction.
Pleural pressure was estimated by filling the oesophageal
balloon catheter with 2 mL of air. In this position, the

end-expiratory pleural pressure was between -2 and -5
cmH2O. Using a flexible fibreoptic bronchoscope as a
guide, the animals were intubated with a cuffed endo-
tracheal tube (8.5 mm internal diameter (ID)) through
the other nostril. Tracheal pressure was measured with
a side-hole catheter (0.157 cm ID) advanced through and
positioned distal to the tip of the endotracheal tube. Tran-
spulmonary pressure (Ptp), the difference between trac-
heal and pleural pressure, was measured with a differential
pressure transducer (Validyne Engineering Co., Northridge,
CA, USA). Respiratory flow was measured with a Fleisch
pneumotachograph (Chest Co., Tokyo, Japan) connected
to the endotracheal tube. Respiratory volume was obtai-
ned by electrical integration from the flow signal. The
signals for flow, transpulmonary pressure, and respira-
tory volume were recorded simultaneously on a multi-
channel recorder (San-ei Rectigraph-8K; NEC San-ei
Instruments LD, Tokyo, Japan). No phase shift was
observed between pressure and flow up to a frequency
of 10 Hz. RL was calculated by dividing the differential
Ptp by flow at mid-tidal volume, and is expressed as the
mean RL calculated from 5 consecutive breaths.

Antigen challenge

The sheep were subjected to inhalation of A. Suum
extract (100,000 protein nitrogen U·mL-1, Greer Diagnostics)
with the use of a Harvard respirator (NSH34RH; Bodine
Elect. Co., Chicago, IL, USA), at a tidal volume of 500
mL and at a rate of 20 breaths·min-1 over 20 min. The
aerosol was generated by an ultrasonic nebulizer (TUR-
3200; Nihon Koden, Tokyo). This nebulizer produced an
aerosol with a mean mass aerodynamic diameter of 2–6
µm.

Measure of airway responsiveness

In order to assess airway responsiveness to metha-
choline, culmulative dose-response curves obtained by
subjecting the sheep to consecutive inhalations of metha-
choline in increasing concentrations (0.16, 0.31, 0.63,
1.25, 2.5, 5.0, 10.0% w/v methacholine in normal saline).
Normal saline (control) and each concentration of metha-
choline were inhaled for 1 min. The nebulizer was oper-
ated by a respirator at a tidal volume of 500 mL and a
rate of 20 breaths·min. The interval between the inhala-
tions was 2 min. The measurements of RL were repeated
following the inhalation of normal saline, and metha-
choline solution of each increased concentration. Airway
responsiveness was expressed as the cumulative metha-
choline provocative dose (units) required to increase RL

by 100, and 200% over the postsaline value (PD100 and
PD200), which was calculated from the methacholine dose-
response curve. One unit of methacholine was defined
as a 1 min inhalation of 1.0% methacholine.

Bronchoalveolar lavage (BAL)

To obtain BAL fluid, a specially made flexible bron-
chofibrescope (Olympus Co., Tokyo, Japan) 90 cm long,
with an outer diameter of 5.6 mm, was wedged into a
subsegmental bronchus. Two subsegmental bronchi in
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the bilateral middle lobes were selected at random in this
experiment. Forty millilitres of normal saline, warmed
to 37°C, was injected via the bronchoscope and immedi-
ately aspirated into a collecting trap at 50 mmHg nega-
tive pressure. This procedure was repeated three times.
The fluid collected was immediately filtered through
gauze. One small aliquot of this BAL fluid was used to
count the total cells recovered under a microscope. To
identify cell populations, another aliquot was spun in a
cytometer (500 rpm for 5 min) and stained with May-
Grünwald-Giemsa. Excluding epithelial cells, 500 cells
per slide were identified to establish the differential cell
count (magnification ×100, oil objective).

Statistical analysis

All data are presented as mean±SEM. Comparisons of RL

over time, in control, antigen alone, and U-74006F tri-
als were made by two-way analysis of variance (ANOVA).
Comparative tests at specific junctures were conducted
with the paired t-test; comparisons of airway respon-
siveness and cell analysis were also made by paired t-
test. If the p-value of the two-tailed test results was less
than 0.05, significance was accepted.

Results

Effects of U-74006F treatment before antigen challenge
on antigen-induced bronchoconstrictive response

The inhalation of PBS did not cause any changes in
RL during the course of the experimental period. In
placebo-treated sheep, antigen challenge caused cha-
racteristic early and late changes in RL. After antigen

challenge, RL significantly increased, peaking to 2.06±
0.48 cmH2O·L-1·s from the baseline value of 0.58±0.06
cmH2O·L-1·s (p<0.01). RL returned to baseline values
within 2 or 3 h, and then again showed a significant
increase from 6 h onward, reaching a peak of 1.37±0.25
cmH2O·L-1·s in 6.5 h. In U-74006F-treated sheep, the
peak value of RL during the early response was 1.19±0.28
cmH2O·L-1·s. The RL peak gradually decreased by 3 or
4 h, with no residual tendency to increase again. The
U74006F treatment significantly reduced both early
(p<0.05) and late bronchoconstriction (p<0.01) (fig. 1).
The inhibitory effect of the drug was marked in late bron-
choconstriction.

Effect of U-74006F treatment before antigen challenge
on airway responsiveness and inflammation during late
response

The values both for PD100 (5.7±1.7 U) and PD200
(8.1±2.3 U) obtained 8 h after antigen challenge in the
antigen only trials were significantly lower than those in
control trials (PD100 10.5±1.9 U, PD200 18.2±4.3 U)
(p<0.01), which indicates that the antigen provocation
induced airway hyperresponsiveness (AHR) to metha-
choline. In U-74006F-treated sheep, however, the values
both for PD100 (4.6±2.4 U) and PD200 (7.4±3.6 U) were
almost the same as those in the antigen-only trials. U-
74006F did not reduce the AHR 8 h after antigen chal-
lenge (fig. 2).

Antigen challenge induced significant increases in
the number of total cells recovered and both in rela-
tive and absolute numbers of lymphocytes, neutrophils
and eosinophils recovered in BAL fluid obtained 8 h
after challenge (table 1). U-74006F treatment did not
significantly affect the increases in the number of total

K. FUJIMOTO ET AL.2046

R
L c

m
H

2O
·L

-1

3

2

1

0

∗
∗ ∗

∗
∗

∗
∗ ∗ ∗

∗
∗

●
●

●●
●

●

●

●

●

●

●

●

●

●

∗

∗

∗

Time from antigen challenge  h

-1 0 1 2 3 4 5 6 7 8

U-74006F or placebo

Antigen
or PBS

†
† † † †

††

Fig. 1.  –  Effects of continuous intravenous administration of U-
74006F before antigen challenge on antigen-induced bronchoconstric-
tion. U-74006F (—❍—) 2 mg·kg-1, or placebo (—●—) was injected
30 min before antigen challenge and was then continously infused at
a dose of 0.5 mg·kg-1 throughout the experiment. As a control, sheep
inhaled PBS instead of receiving antigen challenge with U-74006F
treatment (—∆—). Values are presented as mean±SEM for 6 sheep.
PBS: phosphate-buffered saline RL: pulmonary resistance. *: p<0.05
vs control;  †: p<0.05 vs antigen alone.
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Fig. 2.  –  Effects of continuous intravenous administration of U-
74006F before antigen challenge on airway responsiveness to metha-
choline measured 8 h after challenge. Values are presented as mean±SEM

for six sheep. PD100, PD200; cumulative methacholine provocative
dose required to increase pulmonary resistance (RL) by 100 and 200%,
respectively, over the postsaline value. PD100 and PD200 were obtained
by interpolation from the individual dose-response curves. One unit
(U) of methacholine was defined as the amount received in 1 min
inhalation of 1.0% methacholine. *: p<0.05 vs control.       : control;

: antigen alone;     : U-74006F prior to antigen.



cells recovered or the increased lymphocytes and neu-
trophils recovered. However, U-74006F significantly
reduced both relative and absolute numbers of eosinophils
recovered.

Effects of post-antigen challenge treatment with U-74006F
on the LAR and airway inflammation

Antigen challenge induced a 3.5 fold increase in RL

immediately after the provocation and a threefold increase
in RL during the LAR and bronchoalveolar eosinophilia,
similar to that for antigen alone as measured in protocol
1. Post-treatment of U-74006F from 3 h after antigen
challenge significantly reduced the late-phase broncho-
constriction (fig. 3) and the increase in relative number
of eosinophils recovered (table 2), and resulted in 27%
inhibition of the late-phase increase in RL and 50% inhi-
bition of the relative numbers of eosinophils recovered.

The degree of these inhibitory effects was mild when
compared with those in sheep continuously treated with
the drug before antigen challenge (64% inhibition of the
LAR and 86% inhibition of relative numbers of eosinophils
recovered).

Discussion

U-74006F is one of the non-glucocorticoid 21-amino-
steroids, which has been developed as an inhibitor of
iron-dependent lipid peroxidation (LP) and selected for
clinical development as an administered acute neuro-
protective agent. The drug is currently the focus of phase
III clinical trials for head and spinal cord injuries, ischae-
mic stroke, and aneurysmal subarachnoid hemorrhage;
and the trials have demonstrated that the drug is safe
and effective for the treatment of these disorders [9].
This class of molecule is devoid both of glucocorticoid
and mineralcorticoid activity [8]. These agents exert anti-
LP action through co-operative mechanisms: a radical
scavenging action (i.e. chemical antioxidant effect) and
a physicochemical interaction with the cell membrane
that serves to decrease membrane fluidity (i.e. membrane
stabilization). The 21-aminosteroids have been shown to
prevent the release of arachidonic acid, the influx of cal-
cium into cells, the appearance of membrane lipid frag-
ments, and the destruction of membrane-localized enzymatic
activity [7–9].

They have also been shown to prevent antigen-induced
lung eosinophilia in sensitized animals [10–12]. The 21-
aminosteroid U-75412E is a very close structural analo-
gue of U-74006F and has been shown to prevent not
only the influx of eosinophils into the bronchial lumen,
as measured in BAL fluid, but also the infiltration of
eosinophils into peribronchial connective tissue and mu-
cosal epithelium in ovalbumin-sensitized Brown Norway
rats [12]. In the present study, the continuous intravenous
administration of U-74006F before antigen challenge sig-
nificantly inhibited eosinophil influx into the airway,
reduced late-phase bronchoconstriction, and resulted in
86% inhibition of bronchoalveolar eosinophilia and 64%
inhibition of the late-phase increase in RL. Post-treatment
of the drug from 3 h after challenge also reduced the
bronchoalveolar eosinophilia and the LAR, and resulted
in 50% inhibition of bronchoalveolar eosinophilia and
27% inhibition of the late-phase increase in RL. The
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Table 1.  –  Effects of continuous intraveous administra-
tion of U-74006F before antigen challenge on cell analy-
sis in BALF obtained 8 h after challenge

Control Antigen alone U-74006F

Total cells ×105·mL-1 6.8±0.8 17.3±3.4* 14.2±4.0*
Macrophages  % 92±1 62±5* 67±10

×105·mL-1 6.3±0.8 10.5±2.0 9.0±2.6
Lymphocytes  % 4.1±0.5 13.0±1.7* 17.2±5.1

×105·mL-1 0.27±0.05 2.18±0.40* 2.25±0.81
Neutrophils  % 3.7±0.7 9.0±2.8* 13.1±7.3

×105·mL-1 0.24±0.05 1.55±0.54* 2.76±1.79
Eosinophils  % 0.1±0.0 15.9±5.2* 2.3±1.2*+

×105·mL-1 0.01±0.00 3.02±1.40* 0.23±0.11*+

Values are presented as mean±SEM for six sheep. BALF: bron-
choalveolar lavage fluid. *: p<0.05 vs control; +: p<0.05 vs
antigen alone.

Table 2.  –  Effects of post-antigen challenge treatment
with U-74006F on cell analysis in BALF obtained 8 h after
challenge

Antigen alone U-74006F

Total cells ×105·mL-1 15.5±3.6 10.2±1.3
Macrophages  % 76±5 80±7

×105·mL-1 10.9±1.7 8.2±1.4
Lymphocytes  % 8.1±1.5 5.8±1.6

×105·mL-1 1.3±0.4 0.57±0.17
Neutrophils  % 5.2±0.5 8.6±4.8

×105·mL-1 0.84±0.24 0.87±0.48
Eosinophils  % 11.5±3.9 5.8±1.6+

×105·mL-1 2.43±1.40 0.56±0.15

Values are presented as mean±SEM for six sheep. BALF: bron-
choalveolar lavage fluid. +: p<0.05 vs antigen alone.
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Fig. 3.  –  Effects of post-treatment of U-74006F from 3 h after antigen
challenge on LAR. U-74006F (—❍—) 2 mg·kg-1, or placebo (—●—) was
injected 3 h after antigen challenge and was then continuously infused
at a dose of 0.5 mg·kg-1 until the end of the experiment. Values are
presented as mean±SEM for six sheep. LAR: late asthmatic response;
RL: pulmonary resistance. +: p<0.05 vs antigen alone.



inhibitory effects of post-treatment were milder when
compared with those in sheep treated before antigen chal-
lenge, and the inhibitory effect on the LAR appeared to
be dependent on eosinophil recruitment into the airway.

It has been suggested that eosinophils are the most im-
portant effector cells in bronchial asthma, and a close
association has been shown between eosinophil infiltra-
tion and late-phase bronchoconstriction [1, 13–15].
DEMONCHY et al. [13] have demonstrated increases in
BAL eosinophils and eosinophil cationic protein after
allergen challenge in late asthmatic responders, but not
in single early asthmatic responders; the lung eosinophil-
ia was correlated not only with the magnitude of the
LAR but also with the baseline level of airway respon-
siveness [14, 15]. Eosinophils can produce a large amount
of sulphidopeptide leukotrienes, which it has been sug-
gested are the major constrictive substances responsible
for the induction of the LAR [16, 17]. These findings
suggest that the most plausible mechanism involved in
the inhibition of the LAR may act by inhibiting eosino-
phil accumulation in the airway. 

The involvement of arachidonic acid metabolites in
antigen-induced bronchoconstriction and eosinophil
accumulation in the lungs is well-established [16–20].
Therefore, it may be that the inhibition of release of
eosinophil chemotaxis initiated by lipid peroxidation dur-
ing the LAR results in reduced bronchoalveolar eosinophi-
lia and the LAR, because the drug has been demonstrated
to block arachidonic acid release [8, 9]. However, in
light of the present findings that post-treatment with U-
74006F also reduced eosinophil recruitment into the air-
way, another mechanism by which the drug directly
inhibited eosinophil migration, e.g. a membrane stabili-
zing action of the drug, may also be involved. U-74006F
also significantly reduced early-phase bronchoconstric-
tion. Not only histamine, but also arachidonic acid meta-
bolites, such as thromboxane A2(TxA2), prostaglandin
D2(PGD2), and leukotriene D4 (LTD4) participate in the
immediate bronchoconstriction [18, 21, 22]. It is, there-
fore, reasonable to conclude that the drug directly inhibi-
ted the production of arachidonic acid metabolites, which
resulted in a reduction of the early-phase response.

Many authors have reported the implication of ROS
and the imbalance between oxidant and antioxidant
defence systems in the pathogenesis of asthma [6, 23].
Antigens can induce the generation of ROS, especially
associated with airway inflammation, which can pro-
duce arachidonic acid metabolites through the initiation
of lipid peroxidation [24, 25]. Therefore, as a possible
mechanism, it may be that the inhibitory effects of the
drug on the LAR and eosinophil recruitment was due
to the lessening of the lipid mediators through the inhi-
bition of lipid peroxidation initiated by ROS. How-
ever, there are few reports concerning ROS implicated
in the development of the LAR and lung eosinophilia
[26]. Adding to the antioxidant action, U-74006F also
has a membrane stabilizing action as an anti-LP agent
[9]. It is difficult to distinguish which is the main action.
We speculate that both the antioxidant and membrane
stabilizing actions of the drug contributed to the inhi-
bition of antigen-induced LAR and lung eosinophilia in
the present study.

The bronchial biopsy specimens of asthmatics show
striking inflammatory changes and ultrastructural and

histochemical signs of eosinophil activation [1]. It is
thought that cytotoxic substances released from activated
eosnophils may lead to epithelial damage resulting in air-
way hyperreactivity [14, 27]. However, in the present
study, U-74006F did not affect the increased airway reac-
tivity to methacholine as measured 8 h after antigen chal-
lenge, although the eosinophil influx was inhibited. The
baseline airway tones at the time airway reactivity was
measured in the antigen-challenged group were higher
than those before the measurement of airway reactivity
in the drug-treated group, a factor which could have
affected the evaluation of the reactivity. However, the
reactivity to methacholine in the drug-treated group was
significantly higher than that in controls, although there
was no difference in the baseline tone. These findings
indicate that the drug did not inhibit the increased air-
way reactivity to methacholine 8 h after antigen chal-
lenge. 

It has been suggested that the mechanism leading to
the cholinergic AHR during the LAR differs from that
seen after (i.e. 24 h) the LAR [16, 28]. A LTD4 recep-
tor antagonist prevented the LAR but did not abrogate
the AHR during the LAR [16]. Another leukotriene antag-
onist was found to block both the LAR and AHR that
occurred 24 h after challenge in allergic sheep [29]. A
close association has been demonstrated between lung
eosinophilia and the AHR seen after the LAR [16].
However, we previously observed that an influx of neu-
trophils, and neutrophil elastase, is involved in the devel-
opment of AHR during the LAR in allergic sheep [30].
Thus, our results indicate that the eosinophil influx is
not a major contributor to the development of AHR
observed 8 h after antigen challenge in this allergic sheep
model.

In conclusion, U-74006F inhibited late phase bronc-
hoconstriction and eosinophil influx in the airway, and
reduced early-phase bronchoconstriction. Post-antigen
challenge treatment with the drug also significantly reduced
the late asthmatic response and eosinophil influx. These
findings suggest that lipid peroxidation is involved in
antigen-induced bronchoconstriction and eosinophil rec-
ruitment into the lungs, and that the inhibitor U-74006F
could be an effective drug for the treatment of bron-
choconstriction and airway inflammation characterized
by eosinophil infiltration in asthmatics.
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