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1 This study was conducted to assess whether a 21-aminosteroid, U74389G, could prevent the
down-regulation of hepatic cytochrome P450 (P450) induced by acute moderate hypoxia or an
in¯ammatory reaction.

2 The rabbits of two groups (n=6 per group) were subjected to acute moderate hypoxia
(PaO2&35 mmHg), one pre-treated with U74389G (3 mg kg71 i.v. every 6 h, for 48 h). The rabbits
of two other groups received 5 ml of turpentine s.c., one of them being pre-treated with U74389G
(3 mg kg71 i.v. every 6 h, for 72 h). The kinetics of theophylline (2.5 mg kg71) were assessed to
evaluate the activity of the P450. Once the rabbits were sacri®ced, the P450 content and the amount
of thiobarbituric acid reactive substances (TBARS), a marker of lipid peroxidation, were estimated
in the liver.

3 Compared with control rabbits, hypoxia and in¯ammation increased theophylline plasma
concentrations, as a result of a decrease in theophylline systemic clearance (P50.05). Both
experimental conditions reduced hepatic content of P450 by 40 ± 50% (P50.05) and increased the
amount of hepatic TBARS by around 50% (P50.05). Pre-treatment with U74389G prevented the
hypoxia- and in¯ammation-induced decrease in theophylline systemic clearance, the down-regulation
of hepatic P450, and the increase in liver TBARS.

4 It is concluded that in the rabbit, U74389G prevents hepatic P450 depression produced by acute
moderate hypoxia and a turpentine-induced in¯ammatory reaction, possibly by eliciting a radical
quenching antioxidant activity.
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Abbreviations: AUC0±?, area under theophylline plasma concentration-time curve from 0 to ?; Cl, theophylline systemic
clearance; COLD, chronic obstructive lung disease; FiO2, fractional concentration of inspired O2; GSH, reduced
glutathione; H2O2, hydrogen peroxide; NO., nitric oxide; O2

.7, superoxide anion; P450, cytochrome P450;
PaCO2, arterial partial pressure of CO2; PaO2, arterial partial pressure of O2; ROI, reactive oxygen intermediate;
t�, theophylline half-life; VdSS, predicted theophylline volume of distribution at steady state; z, terminal rate
constant of disposition

Introduction

In patients with complicated acute or chronic obstructive lung
disease, the activity of the cytochrome P450 (P450), estimated

by the clearance of theophylline, is reduced (Hendeles et al.,
1986). In animal models, hypoxia (Letarte & du Souich, 1984)
as well as a turpentine-induced in¯ammatory reaction (Parent

et al., 1992; Barakat & du Souich, 1996) reduce the metabolic
clearance of theophylline, secondary to a down-regulation of
selected apoproteins of the P450 (Kurdi et al., 1999). The
mechanism(s) underlying the in¯ammation- or hypoxia-

induced decrease in theophylline clearance remain poorly
characterized.

Acute moderate hypoxia in vivo increases hepatic lipid

peroxidation, microsomal chemiluminescence and superoxide
dismutase activity, while it diminishes hepatic reduced
glutathione (GSH) and glutathione peroxidase activity (Proulx

& du Souich, 1995a). These changes induced by hypoxia
appear to be due to the formation of reactive oxygen
intermediates (ROI), such as superoxide anion (O2

.7) (Minor
et al., 1993), hydrogen peroxide (H2O2) (Matuschak et al.,

1996), and nitric oxide (NO.) (Gess et al., 1997). Supporting
the involvement of ROI in the down-regulation of the P450,

vitamin A (Grover et al., 1985) and a-tocopherol (Lee &
Clemens, 1992) prevent the hypoxia-induced decrease in P450.

A turpentine-induced in¯ammatory reaction causes oxida-

tive stress in the liver characterised by a decrease in activity of
enzymatic scavengers and of GSH, and an increase in hepatic
xanthine oxidase activity and in the amount of thiobarbituric
acid reactive substances (TBARS) (Proulx & du Souich,

1995b). Moreover, the serum of rabbits with a turpentine-
induced in¯ammatory reaction contains mediators capable of
decreasing the activity of P450 and of increasing the

concentration of TBARS in cultured hepatocytes, phenomena
that are negatively associated (El-Kadi et al., 1997). Further
supporting the involvement of ROI in the depression of the

P450 by an in¯ammatory reaction is the fact that N-
acetylcysteine prevents the down-regulation of the P450
induced by endotoxins (Ghezzi et al., 1985).

21-Aminosteroids are potent inhibitors of lipid peroxida-

tion that can partially protect from an ischaemic lesion (Levitt
et al., 1994) or from an in¯ammatory reaction caused by
endotoxins (Zhang et al., 1995). The use of antioxidants in

in¯ammatory diseases has been widely advocated (Means,
1994), however there is no information as to whether
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antioxidants can prevent the in¯ammation- or hypoxia-
induced damage in hepatic P450. The objectives of the present
study were to investigate in vivo whether a 21-aminosteroid

(U74389G; Figure 1) could prevent the decrease in hepatic
P450 provoked by acute moderate hypoxia or by a turpentine-
induced acute in¯ammatory reaction.

Methods

Male New-Zealand rabbits (Ferme Cunicole, Les Lapins
LeÂ onard, Mirabel, Canada) weighing 2.0 ± 2.2 kg were used
throughout the study. The rabbits were kept in well ventilated

cages and were fed with dry food and water ad libitum for at
least 7 days for acclimatization before being included in the
experiments. The rabbits were segregated in six groups, the

®rst group (n=6) being control. The second group (n=6) was
used to assess the e�ect of U74389G on theophylline clearance.
Groups 3 (n=6) and 4 (n=6) were used to document the e�ect
of hypoxia on theophylline kinetics in absence and in presence

of U74389G, respectively. Groups 5 (n=6) and 6 (n=6) were
used to assess the e�ect of an in¯ammatory reaction on
theophylline kinetics in absence and in presence of U74389G,

respectively.

Experimental protocol

At time 0, the rabbits of the six experimental groups
received in a lateral vein of an ear 2.5 mg kg71 of

theophylline dissolved in sodium chloride (NaCl) 0.9%.
Blood samples were withdrawn prior to and at 5, 10, 15, 20,
30, 60, 120, 180, 240, 300, 360, 420 and 480 min, after the
injection of theophylline, through a catheter (Butter¯y-21,

Abbot Ireland, Sligo, Ireland) inserted in the central artery
of an ear.

Acute moderate hypoxia was induced by placing the rabbits

in a plexiglass chamber (0.7561.2061.25 m3) where the
fractional concentration of inspired O2 (FiO2) was 10%,
regulated with an oxygen monitor (OM-15, Sensor Medics

Corp., CA, USA) connected to an electrovalve (Asco Valves,
Brantford, Ontario, Canada) that allowed the access of
nitrogen. The 10% FiO2 was chosen to obtain an arterial
partial pressure of O2 (PaO2) of around 35 mmHg. Humidity

in the chamber was maintained at 50% by the re-circulation of
the air through a refrigerating system. The temperature was
kept at 22 ± 248C. The rabbits were placed in the chamber 24 h

prior, and for the 8 h the kinetics of theophylline lasted. All
animals had free access to Purina Laboratory Chow and water

during the 32 h of the experiment. Arterial blood samples were
drawn at di�erent times to control blood gases and pH
(1312 pH/Blood Gas Analyzer, Instrumentation Laboratory,

Lexington, MA, U.S.A.).
The in¯ammatory reaction was induced locally by injecting

turpentine (2.5 ml) s.c. at two distinct sites on the back of the
rabbits (Parent et al., 1992). The kinetics of theophylline were

assessed 48 h later. To assess the severity of the in¯ammation,
rectal temperature was measured with an electronic thermo-
meter (model 2013A; The Lumiscope Company Inc., NJ,

U.S.A.), and seromucoids were isolated as described elsewhere
(Parent et al., 1992) before and 48 h later, at the peak of the
in¯ammatory reaction.

To discount an e�ect of U74389G on theophylline kinetics,
U74389G dissolved in NaCl 0.9% was injected intravenously
(3 mg kg71), every 6 h for 48 h, before the kinetics of

theophylline were assessed. In hypoxic rabbits, U74389G was
administered 24 h before hypoxia was induced, and during the
24 h period of hypoxia. Rabbits with an in¯ammatory reaction
received 3 mg kg71 of U74389G every 6 h for 72 h, starting

24 h before the administration of turpentine. Theophylline in
plasma was assayed by high performance liquid chromato-
graphy (Letarte & du Souich, 1984).

Rabbits of all groups were sacri®ced 8 h after the
administration of theophylline, and the liver was removed to
assess the amount of P450 and TBARS, as a marker of lipid

peroxidation. An aliquot of the liver was used to obtain a 17%
(w v71) homogenate in 0.25 M sucrose solution, which was
centrifuged at 6006g for 8 min, and the resulting supernatant

at 12,0006g for 10 min. The supernatant of the latter
centrifugation was re-centrifuged with 8 mM CaCl2 at
27,0006g for 15 min. The ensuing supernatant was collected
and stored at 7808C, and the pellet was re-suspended in

0.15 M KCl solution and re-centrifuged at 27,0006g for
15 min (Cinti et al., 1972). The pellet was isolated and covered
with ice-cold 0.25 M sucrose solution, and stored at 7808C.
The amount of TBARS formed during hypoxia or the
in¯ammatory reaction was assessed in the supernatant by
means of the thiobarbituric acid reaction (Ohkawa et al.,

1979). The amount of hepatic P450 was measured in the pellet
according to the method described by Omura & Sato (1964).
Protein content in the hepatic supernatant and microsomal
fractions (pellet) was measured using the method of Lowry et

al. (1951).

Drugs and chemicals

Theophylline and other chemicals were purchased from Sigma
Chemical Company (St. Louis, MO, U.S.A.). The 21-

aminosteroid, U74389G (21-[4-(2,6-di-l-pyrrolidinyl-4-pyrimi-
dinyl)-1-piperazinyl]-pregna-1,4,9(11)-triene-3,20-dione (2)-2-
butenedioate; C37H50N6O2.C4H4O4), graciously provided by

Pharmacia-Upjohn Company (Kalamazoo, Michigan), is a 16-
desmethylated derivative of tirilazad mesylate (Figure 1).

Analysis of data

Theophylline terminal rate constant of disposition (z), terminal
half-life (t�), area under its plasma concentration-time curve

(AUC0±?), systemic clearance (Cl) and predicted apparent
volume of distribution at steady state (VdSS) were estimated
according to non-compartmental analysis based on statistical

moment theory (Gibaldi & Perrier, 1982) with the computer
program Pharmacokinetic Data Analysis Program included in
Lotus 1,2,3, Version 2.2 (Lotus Development Corporation,
Cambridge, MD, U.S.A.).Figure 1 Structure of the 21-aminosteroid, U74389G.
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The comparison of the results of the various experi-
mental groups and control group was carried out using a
one-way analysis of variance for parallel groups. All

pairwise multiple comparison procedures were conducted
using the Student-Newman-Keuls method. The signi®cance
criteria was established at P50.05. All results are
presented as mean+standard error (s.e.mean).

Results

In control rabbits, breathing air and without an in¯ammatory
reaction, the administration of U74389G for 2 days did not

modify theophylline systemic clearance and volume of
distribution (Table 1). On the other hand, in control rabbits,
the amount of hepatic P450 was 1.021+0.059 nmol mg71

protein, a value that was not altered by the administration of
U74389G, i.e. 1.017+0.81 nmol mg71 protein. Similarly,
compared with controls, the administration of U74389G did
not modify the amount of TBARS in liver, i.e. 0.289+0.015 vs

0.269+0.009 nmol mg71 protein.

E�ect of U74389G on hypoxia-induced decrease in
hepatic P450

In rabbits breathing room air, mean arterial PaO2 was

90+3 mmHg, and in those exposed to a 10% FiO2, average
PaO2 was decreased to 35+2 mmHg (P50.05). Arterial
PaCO2 and pH were not a�ected by the experimental

condition, i.e. 24+1 mmHg and 7.50+0.01 in hypoxic rabbits,
and 25+1 mmHg and 7.49+0.02 in control rabbits, respec-
tively.

Hypoxia diminished considerably the rate of decay of

theophylline plasma concentrations. As a consequence, in
hypoxic rabbits, theophylline AUC0-? was three fold greater
than that in control rabbits (P50.05) (Table 1); the increase in

AUC0-? was secondary to a reduction in theophylline
clearance. Theophylline volume of distribution was not
a�ected by hypoxia. After 24 h of hypoxia, average amount

of total hepatic P450 was 30% smaller (P50.05) than in
control animals (Figure 2). On the other hand, compared with
control rabbits, hepatic TBARS more than doubled (P50.05)
in hypoxic rabbits (Figure 3).

Pre-treatment with U74389G prevented the hypoxia-
induced decrease in theophylline clearance (Table 1), and
as a consequence, theophylline plasma concentrations were

close to control values, as was theophylline AUC0-?. In
hypoxic animals pre-treated with U74389G, the amount of
total hepatic P450 was 40% greater than in control

rabbits (P50.05), i.e. U74389G not only hampered
hypoxia-induced down-regulation of P450 but increased it
(Figure 2). In addition, the administration of U74389G

hindered the hypoxia-induced increase in hepatic TBARS
(Figure 3).

Table 1 E�ect of 3 mg kg71 every 6 h of an 21-aminosteroid (U74389G) for 2 or 3 days on the pharmacokinetic parameters of
theophylline in conscious rabbits (n=6 per group) with acute moderate hypoxia or with a turpentine-induced in¯ammatory reaction

Control U74389G Hypoxia Hypoxia+U74389G In¯ammation In¯ammation+U74389G

AUC0-? (mg min ml71)
Cl (ml min71 kg71)
Vdss (ml kg71)
t1/2 (min)

1099+50*
1.75+0.15
766+69
235+25

977+80
1.84+0.20
802+74
241+30

3471+175**
0.70+0.04**
611+73**
635+37**

1424+166
1.85+0.18
552+26
217+24

1723+272**
0.82+0.03**
1260+115**
564+42**

1257+23
1.67+0.17
769+50
270+22

*mean+s.e.mean. **P50.05 compared with values in control rabbits.

Figure 2 E�ect of acute moderate hypoxia and of turpentine-
induced in¯ammatory reaction (INFLAMM) on hepatic cytochrome
P450 of rabbits pre-treated with 3 mg kg71 of a 21-aminosteroid
(U74389G) or saline every 6 h for 2 or 3 days, respectively. Vertical
bars are s.e.mean. *P50.05 compared with the control.

Figure 3 E�ect of acute moderate hypoxia and of turpentine-
induced in¯ammatory reaction (INFLAMM) on hepatic lipid
peroxidation, as assessed by the measure of the amount of
thiobarbituric acid reactive substances, in rabbits pre-treated with
3 mg kg71 of a 21-aminosteroid (U74389G) or saline every 6 h for 2
or 3 days, respectively. Vertical bars are s.e.mean. *P50.05
compared with the control.
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E�ect of U74389G on the in¯ammation-induced decrease
in hepatic P450

Rectal temperature increased from basal values of 38.6+0.18C
to 40.8+0.18C (P50.01) 48 h after the s.c. administration of
turpentine. Before the injection of turpentine, baseline
concentrations of seromucoids were 43+3 mg dl71, and

increased to 189+11 mg dl71 (P50.001) 48 h after the
injection of turpentine.

In rabbits with the in¯ammatory reaction, the rate of decline

of theophylline plasma concentrations was decreased; as a
consequence, compared with control rabbits, theophylline
AUC0-? increased by 57% (P50.05) (Table 1). The AUC0-?

was enhanced because of a 55% decrease in the systemic
clearance of theophylline (P50.05). The in¯ammatory reaction
increased theophylline apparent volume of distribution by 65%

(P50.05). In the rabbits with the in¯ammatory reaction, the
amount of total hepatic P450 was almost 50% smaller
(P50.05) than in controls (Figure 2), and the amount of
TBARS in the liver was enhanced by 44% (P50.05) (Figure 3).

Pre-treatment of rabbits with an in¯ammatory reaction with
U74389G prevented the decrease in theophylline systemic
clearance (Table 1). As a consequence, theophylline plasma

concentrations were similar to those observed in control
rabbits. Pre-treatment with U74389G averted the decrease in
total hepatic P450 (Figure 2), and in addition, precluded the

increase in hepatic TBARS (Figure 3).

Discussion

The present results show that in vivo acute moderate hypoxia
and an in¯ammatory reaction reduce the clearance of

theophylline, decrease the amount of total hepatic P450 and
increase the amount of hepatic TBARS. Pre-treatment of the
rabbits with a 21-aminosteroid, U74389G, prevents the

decrease in total hepatic P450 and in theophylline clearance,
as well as the increase in TBARS. Moreover, U74389G not
only prevents the hypoxia-induced decrease in amount of total

P450 but increases it, an e�ect that is not due to enzyme
induction, since control experiments reveal that U74389G does
not increase the amount of total P450. In vivo, moderate
hypoxia reduces the amounts of CYP1A1 and 1A2 proteins

but increases that of CYP3A6, and as a result the clearance of
theophylline is decreased (Kurdi et al., 1999). Therefore, the
results of the actual study suggest that U74389G does impede

the hypoxia-induced down-regulation of selected apoproteins
of hepatic P450, but does not prevent the induction of other
isoforms of P450, indicating that di�erent mechanisms

underline the e�ect of hypoxia on the di�erent P450
apoproteins.

The decreases in P450 are closely associated to the increase

in hepatic TBARS (r=0.7628; Figure 4). Since ROI can down-
regulate multiple apoproteins of P450 (Karuzina & Archakov,
1994), the protective e�ect of U74389G may be secondary to
the inhibition of ROI and/or factors that induce the formation

of ROI. 21-Aminosteroids are lipophilic compounds with an
anti-lipid peroxidation e�ect that is rather complex, thought to
be due to a vitamin E-like membrane antioxidant action

(Braughler et al., 1987), to the ability to scavenge ROI
(Braughler et al., 1987; Althaus et al., 1993; Braughler &
Pregenzer, 1989), and to the potential to chelate iron or change

the redox properties of iron, in which case it will inhibit or
terminate the initiation of oxidative reactions (Ryan & Petry,
1993). 21-Aminosteroids scavenge O2

.7 (Fabian et al., 1998),
H2O2 (Horwitz et al., 1996), hydroxyl radicals (Khalil et al.,

1998). NO. (Fernandez Rodriguez et al., 1997) and peroxyni-
trite (Fici et al., 1997). In addition, 21-aminosteroids are strong
inhibitors of the activated superoxide-generating NADPH

oxidase system of neutrophils (Thomas et al., 1993). Finally,
21-aminosteroids elicit a membrane-stabilising e�ect (Wang et
al., 1996), and block neutrophil in®ltration (Palma-Vargas et
al., 1996). All these e�ects may have contributed to the present

results.
Hypoxic conditions increase the formation of ROI in many

tissues including the liver (Proulx & du Souich, 1995a; El-

Bassiouni et al., 1998), and since pre-treatment with vitamin A
(Grover et al., 1985) or with a a-tocopherol (Lee & Clemens,
1992) prevents or diminishes hypoxia- or anoxia-reoxygena-

tion-induced down-regulation of hepatic P450, we may
postulate that U74389G prevents hypoxia-induced P450
down-regulation by scavenging ROI. Alternatively, post-

haemorrhage ischaemia, ischaemia-reperfusion, and anoxia/
hypoxia increase the transcription of cytokines (Helfman &
Falanga, 1993), as depicted by the overexpression of IL-1, IL-
2, TNF-a, and IFN-g (Serrick et al., 1994), as well as the

formation of cyclo-oxygenase (Nakhostine & Lamontagne,
1994) and lipoxygenase by-products (Kuzuya et al., 1993).
Cytokines such as TNF-a, IFN-g, IL-1 and IL-6 induce the

production of ROI (Ghezzi et al., 1985; Adamson & Billings,
1992; Feng et al., 1995), as well as the formation of NO. in
hepatocytes (Curran et al., 1990; Spitzer, 1994). 21-Aminoster-

oids inhibit the release of TNF-a, IL-2, IL-6, and IFN-g
(Salahudeen et al., 1996) by depressing the levels of mRNA
encoding for these proteins (Shenkar & Abraham, 1995).

Therefore, another potential mechanism of action of U74389G
could be the inhibition of the release of cytokines, and
consequently prevention of formation of ROI and of the
down-regulation of the P450.

Endotoxins, sepsis, and acute in¯ammatory reactions
down-regulate hepatic P450 apoproteins through transcrip-

Figure 4 Changes in the amount of total hepatic cytochrome P450
as a function of the amount of hepatic thiobarbituric acid reactive
substances (TBARS) in control rabbits, rabbits with acute moderate
hypoxia pre-treated or not with 3 mg kg71 every 6 h of a 21-
aminosteroid (U74389G), and rabbits with a turpentine-induced
acute in¯ammatory reaction pre-treated or not with 3 mg kg71 every
6 h of a 21-aminosteroid (U74389G).
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tional and post-transcriptional mechanisms, and cytokines and
arachidonic acid metabolites are presumably involved as
mediators in the cascade of events leading to the depression

of the P450 (Morgan, 1997). In the in¯ammatory reaction,
ROI are involved as second messengers and mediators of tissue
damage (Winrow et al., 1993). In a model of sepsis induced by
the injection of salmonella enteritidis endotoxin, pseudomona

aeruginosa and bacterial lipopolysaccharide, the aminosteroids
tirilazad mesylate and U74389U do not prevent the increase in
TNF-a plasma concentrations (Liu et al., 1994; Loegering et

al., 1995; Nakayama et al., 1998), and U74389G has no e�ect
on mitogen-induced TNF-a and IL-6 (Buttgereit et al., 1995).
On the other hand, U74389G prevents the release of TNF-a
and IL-6 from macrophages of rats with an experimental
pneumococcal meningitis (Lorenzl et al., 1995); another 21-
aminosteroid, U64500A, reduces the production of IL-1b by

monocytes stimulated by myelin (Fisher et al., 1993), and in
vivo tirilazad mesylate prevents the release of TNF-a,
prostacyclin, and thromboxane B2 in neonatal calves with
endotoxaemia secondary to the injection of Escherichia coli

lipopolysaccharide (Semrad et al., 1993). This discrepancy
between reports does not allow us to postulate that U74389G
prevents the P450 down-regulation induced by the in¯amma-

tory reaction by inhibiting the release of the cytokines.
Alternative mechanisms of action of U74389G include a
reduction in ROI, a decreased uptake of C5a, a potent

chemoattractant and stimulant of mediators release by
polymorphonuclear cells (Hetland et al., 1994), and a
diminished production of leukotriene B4 (Gadaleta et al.,

1994).
Despite the fact that the down-regulation of the P450

induced by acute moderate hypoxia or by a turpentine-induced
in¯ammatory reaction is completely prevented by U74389G,

the mechanism of action is not necessarily the same for both
experimental conditions. E�ectively, as demonstrated by
Kurdi et al. (1999), hypoxia down-regulated CYP1A1 and

1A2 proteins but induced CYP3A6, and the in¯ammatory
reaction depressed all three apoproteins, implying that the
mechanism of action of these experimental conditions is not

the same, even if in both cases ROI may directly or indirectly
be involved in the P450 down-regulation as supported by the
present study. The di�erences can be multiple, such as source

and species of ROI, signalling pathways, counter-regulatory
mechanisms and serum mediators.
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