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Abstract 
We have examined the 4-hydroxylation of bunitrolol in rabbit and rat liver microsomes. 

Significant species differences (rabbit < rat of both sexes) and sex (male > female of both species) were 
observed in the formation of 4-hydroxybunitrolol from racemic bunitrolol (10 pM). The 4-hydroxylation of 
bunitrolol racemate and enantiomers showed biphasic kinetics, a low-K, system and a high-K, system, in liver 
microsomes from rabbits of both sexes. There were significant differences in K, and V,,, values [(+) > (-)I 
for 4-hydroxylations of (+)-bunitrolol and (-)-bunitrolol in the low-K, system. Furthermore, the rate of 
clearance (Vmax/Km) was 20- to 200-fold for the low-K, system compared with the high-K,. system, indicating 
that enzymes in the low-K, system play a major part in the rabbit liver microsomal bunitrolol metabolism. 
Inhibition studies using cytochrome P450 inhibitors such as quinidine, quinine, and a-naphthoflavone or 
polyclonal antibodies raised against rat P450-2D and - lA enzymes did not make clear which P450 enzymes are 
involved in bunitrolol4-hydroxylation in rabbit liver microsomes. The 4-hydroxylase activity of (+)-bunitrolol 
was slightly higher than that of (-)-bunitrolol in separated incubations containing male rabbit liver microsomes 
and an enantiomer concentration of 10 p ~ .  However, the 4-hydroxylation of (+)-bunitrolol (10 pM) was 
markedly suppressed in the presence of its antipode (10 p ~ ) ,  whereas (-)-bunitrolol 4-hydroxylation was not 
affected by the presence of its antipode, resulting in a change of the stereoselectivity from (+) =- (-) for 
enantiomer to (+) < (-) for racemate. 

The difference in the Michaelis constants in the low-K, system, where the K, value of (-)-bunitrolol is one- 
eighth that of (+)-bunitrolol, is thought to cause the change in the stereoselectivity in rabbit liver microsome- 
mediated bunitrolol 4-hydroxylation. 

Bunitrolol has an asymmetric carbon on a side chain, and is 
administered as a racemic mixture of levo-(-)-bunitrolol and 
dextro-( +)-bunitrolol, the former being about 20 times more 
potent than the latter as a /?-blocker. The major metabolic 
pathway of bunitrolol is 4-hydroxylation of the phenyl ring in 
mice and rats (Suzuki & Rikihisa 1979) and man (Kono et al 
1987). We recently reported that cytochrome P450 (P450) 
enzyme belonging to the P450-2D subfamily was involved in 
bunitrolol 4-hydroxylation in liver microsomes from rats 
(Suzuki et a1 1991) and man (Narimatsu et a1 1994b). More 
recently we have developed a high-performance liquid chro- 
matography (HPLC) method for assay of enantiomeric 4- 
hydroxybunitrolol formed from racemic bunitrolol, and 
demonstrated an enantiomedenantiomer interaction in the 
oxidative metabolism of bunitrolol in rat liver microsomes and 
P450-2D enzymes, commonly involved in the 4-hydroxylation 
of both enantiomers in rats (Narimatsu et al 1994a). 

When bunitrolol enantiomers were intravenously adminis- 
tered to adult male rabbits, venous blood levels of (-)-buni- 
trolol were significantly higher than those of (+)-bunitrolol 
(unpublished data from the Nippon Boehringer Ingelheim Co.). 
TO understand the interaction in the rabbit between bunitrolol 
and P450 as a typical hepatic drug-metabolizing enzyme, we 
have kinetically analysed the oxidative metabolism of buni- 
b l o l  racemate and enantiomers in liver microsomes from 
adult rabbits. 

Correspondence: S .  Narimatsu, Laboratory of Biophannaceutics, 
Faculty of Pharmaceutical Sciences, Chiba University, 1-33 Yayoi- 
tho, Inage-ku, Chiba 263, Japan. 

Materials and Methods 

Drugs 
Racemic and enantiomeric bunitrolol and racemic 4-hydroxy- 
bunitrolol as hydrochlorides were kindly supplied by the 
Nippon Boehringer Ingelheim Co. (Hyogo, Japan); debriso- 
quine hemisulphate was from the Hoffman La-Roche Co. 
(Basel, Switzerland). Quinine sulphate was purchased from 
Fujisawa Pharmaceutical Ind. (Osaka, Japan); quinidine 
hydrochloride was from the Sigma Chemical Co. (St Louis, 
MO, USA); a-naphthoflavone was from Wako Pure Chemical 
Ind. (Osaka, Japan). Other chemicals and solvents used were of 
analytical grade. 

Animals 
Adult Japanese white rabbits of both sexes (3 months old) and 
adult Wistar rats of both sexes (7 weeks old) were obtained 
from Takasugi Experimental Animals (Kasukabe, Japan). The 
animals were allowed free access to food and water for at least 
1 week prior to use. After 12 h of starvation, the animals were 
killed by sanguination, and liver microsomes were prepared by 
the method of Omura & Sat0 (1 964). 

Assay 
4-Hydroxybunitrolol enantiomers were determined as acetyl 
derivatives by HPLC (Narimatsu et al 1994a). Racemic 4- 
hydroxybunitrolol was determined without derivatization using 
reversed-phase HPLC (Narimatsu et a1 1994b). Briefly, a 1-mL 
incubation mixture contained 10 mM glucose-6-phosphate (G- 
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6-P), 2 U G-6-P dehydrogenase, 0.5 mM NADPH, 8 mM 
MgCI2, 1 mg mL-l microsomal protein, 10 p~ bunitrolol and 
154 mM potassium phosphate buffer (PH 7.4) to make a final 
volume of 1.0 mL. After 5 min of preincubation under air at 
37"C, reaction was started by adding the NADPH and was 
stopped 1 min later by adding 0.5 mL of 1 M NaOH. 

When 4-hydroxybunitrolol enantiomers were assayed, 1 mL 
of 1 M carbonate buffer (pH 9.6) and imipramine (3.6 nmol) as 
an internal standard were added to the medium, and metabo- 
lites were extracted into ethyl acetate by shaking. 4-Hydroxy- 
bunitrolol enantiomers were then acetylated with acetic 
anhydride (50 pL) in pyridine ( 1  00 p L )  followed by heating at 
60°C for 2 h. The solvent and reagent were evaporated and the 
residue was dissolved in 100 pL of an HPLC mobile phase (n- 
hexane-ethanol-diethylamine = 90:25:0. I ,  by volume). When 
4-hydroxybunitrolol racemate was assayed, 1 mL of 1 M car- 
bonate buffer (PH 9.6) and a-naphthylethylenediamine (50 ng) 
were added to the medium, and metabolites were extracted into 
ethyl acetate. The solvent was evaporated, and the residue was 
dissolved in 100 pL of an HPLC mobile phase (methanol- 
acetonitrile-water-acetic acid = 22: 18:60: I ,  by volume). In 
kinetic studies, racemic enantiomeric bunitrolol (0.5 to 
1000 pM) was employed. 

Inhibition studies 
Various inhibitors or substrate of P450 (quinidine, quinine, 
debrisoquine and a-naphthoflavone) were added at various 
concentrations to the reaction medium containing bunitrolol 
enantiomers (30 pM or 1 mM). In immunochemical studies, 
polyclonal antibodies (immunoglobulin G fraction) raised 
against rat P450-2D (Suzuki et al 1992) and - lA enzymes 
(Fujita et a1 1988) were preincubated with rabbit liver micro- 
somes at 25°C for 30 min, and then bunitrolol 4-hydroxylase 
activities were assayed as described above. 

HPLC conditions 
The HPLC apparatus consisted of a Hitachi 655 liquid chro- 
matograph equipped with a 650- 10s fluorescence detector 
(excitatiodemission wavelength, 3 10/380 nm). In the assay of 
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FIG. 1. Typical Eadie-Hofstee plots showing 4-hydroxylations of 
bunitrolol enantiomers in rabbit liver microsomes. Bunitrolol enantio- 
mers (0.5 to 1000 pM) were incubated with liver microsomes from 
male rabbits in the presence of an NADPH-generating system, and 4- 
hydroxybunitrolol enantiomers formed were determined by the HPLC 
under the conditions described in Materials and Methods. Each point 
represents the mean value of duplicate determinations. 0 (+)-buni- 
trolol; 0 (-)-bunitrolol. 

racemic 4-hydroxybunitrolol: column, Inertsil ODs (4.6 mm 
i.d. x 25 cm, GL Science Ltd., Tokyo, Japan); flow rate 
1.2 mL min-I. In the assay of 4-hydroxybunitrolol enantio.. 
mers: column, Optipak XC (4.6 mm i.d. x 30 cm, Waters CO., 
Tokyo, Japan); flow rate 1 mL min-'. 

Others 
Protein concentration was determined by the method of Lowry 
et al (1951) using bovine serum albumin as standard. Enzyme 
kinetic parameters (K,, V,,, and K,) were analysed according 
to a non-linear least-square regression analysis based on a 
simplex method (Yamaoka et a1 1981). Statistical significance 
was calculated by Student's t-test and paired t-test. 

Results 

Oxidative metabolism of bunitrolol racemate 
Using a substrate concentration of 10 pM, oxidative metabo- 
lism of racemic bunitrolol was examined in liver microsomes 
from male rabbits. 4-Hydroxybunitrolol was the only buni- 
trolol metabolite detected under the conditions used. The 
bunitrolol 4-hydroxylase activities in liver microsomes from 
rabbits of both sexes (male: 0.59 f 0.03, female 0.3 1 f 0.06) 
were significantly lower than those from rats of both sexes 
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FIG. 2. Dixon plots showing competitive inhibition between bunitrolol 
enantiomers in rabbit liver microsomes. A, (-)-bunitrolol (0, I ,  2.5, 
and 5 p ~ )  was added as inhibitor to the incubation medium containing 
(+)-bunitrolol (5,  20, and 50 pM) as substrate; B, (+)-bunitrolol (0, 5, 
10, and 20 p ~ )  was added as inhibitor to the incubation medium 
containing (-)-bunitrolol (2, 4, and 8 p ~ )  as substrate. Each point 
represents the mean value of duplicated determinations. The figure 
shows typical results of three determinations. 
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FIG. 3. Effects of various inhibitors on the metabolism of bunitrolol enantiomers in rabbit liver microsomes. Bunitrolol enantiomers [30 pM (A and 
C) and 1 mM (B and D)] were incubated with liver microsomes of male (A and B) and female (C and D) rabbits in the presence of an NADPH- 
generating system. CL, QD. QN, DB and AN denote control, quinidine, quinine, debrisoquine and a-naphthoflavone, respectively. These substances 
were added to the reaction medium at a concentration of 250 p ~ .  Control was without the inhibitor. Each value represents the mean f s.e. of 
duplicate determinations of three different microsomal fractions. a and b show significant differences from the control (non-paired t-test, P < 0.01 
and P < 0.05, respectively). 

(male: 1.78 + 0.12, female 1.19 fO.04). As in the case of rats, 
the activities in male rabbits were significantly higher than 
those in females. Kinetic analysis using a substrate con- 
centration range of 0.5 to 1000 PM demonstrated that racemic 
bunitroIoI 4-hydroxylation was biphasic, i.e. the reaction was 
expressed as the summation of two Michaelis-Menten equa- 
tions. Kinetic parameters (K, and V,,,) calculated were K,, 
(1.98 f 0. I4 PM) and V,,,, [0.73 & 0.05 nmol min-' (mg 
protein)-'] for a low-K, system; Km2 (41 1 f 6 6 . 0  PM) and 
Vmax2 [0.79 f 0.04 nmol min-' (mg protein)-'] for a high-K, 
system (mean & s.e., n = 3). 

both sexes. As in the case of the oxidative metabolism of 
racemic bunitrolol, 4-hydroxylations of bunitrolol enantiomers 
were both analysed to be biphasic (Fig. 1). Kinetic parameters 
are summarized in Table 1. Significant differences between 
(+)-bunitrolol and (-)-bunitrolol were observed in-K, values 
of both low-K, and high-K, systems for males and the value 
of the low-K, system for females [(+) > (-)I, whereas V,,, 
values of the low-K, system for both sexes were significantly 
different between the two bunitrolol enantiomers [(+) > (-)I. 
There was no significant difference in the K, or V,,, values 
between male and female animals. 

Oxidative metabolism of bunitrolol enantiomers 
Enzyme kinetics using bunitrolol enantiomers (0.5 to When bunitrolol enantiomers (each 10 p M )  were used as 
1000 PM) were examined in liver microsomes from rabbits of substrates, a ratio of (-)-4-hydroxybunitrolol formation 

Metabolic interaction of bunitrolol enantiomers 



1188 SHIZUO NARIMATSU ET AL 

Table 1. Comparison of kinetic parameters of 4-hydroxylation of bunitrolol enantiomers in liver 
microsomes from rabbits of both sexes. 

Enantiomer Sex K m  (W) v,,, (nmoI min-'mg-') 

LOW-K, High-K, Low& High-K, 
~~~ 

0.78 f 0.24 
F 10.9 f 2 . 7 0  323 f 83.8 0.62 f 0. I 1  0.90 f 0.10 

(+)-Bunitrolol M 1.27 f 0 . 4 2  4 3 6 f 4 1 . 3  0 . 9 6 f 0 . 1 0  

(-)-Bunitrolol M 0.90 f 0.16a 236 f 26.4a 0.55 f 0.05* 1.14 f 0. 16b 
F 1.03 f 0.24a 320 f 84.7 0.34 f 0.09a 0.91 f0.11 

1.46 f 0.29 
0.54 50.06 1.03f0 .17  

(-)/(+) Ratio M 0.12 f 0.02 0.54 f 0.03 0 . 5 6 3 ~  0.03 
F 0.09 f 0.01 0.99 f 0.04 

Each value represents the mean f s.e. of duplicate determinations of three microsomal fractions from 
different animals. M and F mean male and female, respectively. Statistical significance was calculated by 
paired t-test ["P < 0.01; bP < 0.05 between (+)-bunitrolol and (-)-bunitrolol, both tails]. 

Table 2. The rate of clearance (V-/K,) of bunitrolol4-hydroxylation 
in rabbit liver microsomes. 

Bunitrolol Sex Low-K, system High-K, system 

Racemate M 0.372 f 0.042 0.0020 f 0.0004 

(+)-Bunitrolol M 0.134f0.018 0.001 8 f 0.0004 
F 0.057 fO.010 0.0029 f 0.0005 

(-)-Bunitrolol M 0.652 f 0.109= 0.0049 f 0.0003a 
F 0.325 f 0.059",' 0.0028 f 0.0004 

Each value (mL min-' mg-I) represents the mean 41 s.e. of duplicate 
determinations of three microsomal fractions from different animals. 
Statistical significance was calculated by paired t-test ["P < 0.01 from 
(+)-bunitrolol of corresponding sex, both tails] or non-paired t-test 
[*P  < 0.05 from male of (-)-bunitrolol]. 

(4.80 f 0.09 nmol min-' mg-I) to (+)-4-hydroxy formation 
(5.18 f 0.22) was 0.93. In contrast, when bunitrolol racemate 
(20 p M )  was used as substrate, the ratio of (-)-enantiomer 
formation (4.45 f 0.27) to (+)-enantiomer formation 
(1 432 f 0.18) was increased to 2.34. Dixon plots demonstrated 
that addition to the reaction medium of increasing amounts of 
(+)-bunitrolol to (-)-bunitrolol or vice-versa (Fig. 2) compe- 
titively inhibited the 4-hydroxylation of its antipode. Inhibition 
constants (Ki values) calculated by Dixon plots were 1.98 and 
6.25 PM for (-)-bunitrolol and (+)-bunitrolol, respectively. 

Inhibition studies 
We examined effects of quinine, quinidine (inhibitors of P450- 
2D enzymes in the rat and man), debrisoquine (a substrate of 
rat and human P450-2D enzymes), and a-naphthoflavone (an 
inhibitor of rat P450-1A enzymes) on rabbit liver microsomal 
4-hydroxylase activity of bunitrolol enantiomers. None of the 
inhibitors showed any significant effects in a concentration 
range from 1 to 10 p ~ .  Quinidine and quinine exhibited some 
inhibitory effects from 25 p ~ .  Debrisoquine and a-naphtho- 
flavone did not show the inhibition until their concentration 
was increased to 50 p ~ .  Fig. 3 (upper panels) shows inhibitory 
effects of various compounds at 250 pM on enantiomenc 
bunitrolol 4-hydroxylation with a substrate concentration of 
30 pM. Quinidine and quinine significantly inhibited enantio- 
meric bunitrolol 4-hydroxylase activities in both sexes. Deb- 
risoquine and a-naphthoflavone also decreased enantiomeric 

bunitrolol 4-hydroxylation, but their potencies appear to be 
smaller than those of quinidine and quinine, particularly in 
(+)-bunitrolol 4-hydroxylation for both sexes. The effects of 
these compounds tended to be more potent for (+)-bunitrolol 
than for (-)-bunitrolol. When the substrate concentration was 
increased from 30 p~ to 1 mM, all of these substances showed 
significant inhibition in enantiomeric bunitrolol 4-hydroxyla- 
tion in both sexes, but superiority of quinine and quinidine as 
inhibitors over debrisoquine and a-naphthoflavone which had 
been observed at a substrate concentration of 30 pM, dis- 
appeared at a substrate concentration of 1 mM (Fig. 3, lower 
panels). In addition, polyclonal antibodies raised against rat 
P450-2D and - l A  enzymes did not affect bunitrolol 4-hydro- 
xylation in rabbit liver microsomes under the conditions used, 
whereas the antibodies significantly decreased the same 
activity by rat liver microsomes (data not shown). 

Discussion 

Racemic and enantiomeric bunitrolol 4-hydroxylation was 
found to be kinetically biphasic in this study. Table 2 sum- 
marizes the rates of clearance (V,JK,) of bunitrolol 
4-hydroxylation that were calculated from the data in Table 1. 
The clearance was ca 200-fold higher in the low-K, system 
than in the high-K, system for microsomal +hydro- 
xybunitrolol formation from racemic bunitrolol in male rab- 
bits. Similarly, the clearance values in the low-K, system were 
20- to 130-fold those in the high-K, system, and this tendency 
was particularly pronounced for (-)-bunitrolol metabolism in 
male rabbits compared with (+)-bunitrolol metabolism in 
females (Table 2). This means that P450 enzyme(s) involved in 
the low-K, system can play the major part in the oxidative 
metabolism of bunitrolol at low substrate concentrations, 
probably corresponding to the in-vivo situation. 

We recently reported that the enantioselectivity [(-) > (+)I 
in bunitrolol metabolism in rat liver microsomes was more 
pronounced when racemic bunitrolol rather than each buni- 
trolol enantiomer was employed as substrate (Narimatsu et a1 
1994a). Table 2 also revealed that the rates of clearance of (-)- 
bunitrolol4-hydroxylation were significantly higher than those 
of (+)-bunitrolol 4-hydroxylation particularly in the low K, 
system of both sexes. Moreover, significant sex differences 
(male z female) were observed in the clearance values for the 
oxidative metabolism of both bunitrolol enantiomers. Unlike 
rats that exhibit marked sex differences in the drug metabo- 
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the rabbit does not generally show sex difference in the 
of various drugs including p-blockers. 

Inhibition studies showed that the enzyme involved in the 
 low-^, system was sensitive to quinidine and quinine, which 
are inhibitors of rat and human P450-2D enzymes (Kobayashi 

et 1981; Boobis et al 1990). Sensitivity of rat and human 
p450-2D enzymes (IC50 < 1 pM) to the inhibitors is much 
higher than that of the rabbit liver microsomal P450 enzymes 
that were not sensitive to the inhibitors even at 10 pM in the 
present study. a-Naphthoflavone, a typical inhibitor of the rat 
p450-1A subfamily (Johnson et al 1979), also suppressed 
enmtiomeric bunitrolol4-hydroxylase activity, although it was 
less potent than quinine and quinidine. This inhibitor also did 
not exhibit any significant inhibition in a lower concentration 
range (1-50 PM). However, it should be noted that it is unclear 
whether these inhibitors for human and rat P450 enzymes have 
similar specificities for rabbit liver P450 enzymes. 

Rabbit liver microsomal bunitrolol 4-hydroxylation was not 
suppressed by antibodies against rat P450-2D or - 1 A enzymes, 
whereas immunoblot analysis showed that two protein bands 
(molecular weight of 50 000 and 48 500) in male rabbit liver 
microsomes cross-reacted with antibodies against rat P450-1 A 
and -2D enzymes (unpublished observation). It appears likely 
that the insensitivities of the antibodies are due to different 
epitopes between the rat and the rabbit (i.e. species difference). 
On the basis of these results from the inhibition studies, fiuther 
detailed enzymological studies are necessary to characterize 
P450 enzyme(s) involved in bunitrolol hydroxylation in the 
rabbit liver. 

Interestingly, the V,,, values in the 4-hydroxylation of 
bunitrolol enantiomers was changed from (+) > (-) in the 
low-K, system to (+) < (-) in the high-K, system particu- 
larly in male rabbits (Table 1). On the basis of data in Table 1, 
the stereoselectivity in the bunitrolol metabolism by P450 is 
simulated to change from (+) > (-)below the concentration of 
bunitrolol enantiomers of 8-10 p~ to (+) < (-) above this 
concentration range. We reported previously that P450BTL 
(P450-2D2) and P450-1A1/2 purified from rat liver micro- 
Somes exhibited different stereoselectivity in the ring-hydroxy- 
lations of propranolol (Fujita et al 1993). It may be thus 
interpreted that the stereoselectivity [(+) > (-)I of some P450 
enzymes and the inverse selectivity [(+) < (-)I of other P450 
enzymes are responsible for the low-K, and high-K, systems, 
respectively, of the 4-hydroxybunitrolol formation from buni- 
~ o l o l  enantiomers in rabbit liver microsomes. 

Metabolic interaction studies demonstrated that (+)-buni- 
h l 0 1  4-hydroxylase activity, which was slightly higher than 
(-)-bunitrolol 4-hydroxylase activity in the separated incuba- 
tion, was remarkably suppressed in the presence of its antipode 
as racemate. In contrast, (-)-bunitrolol 4-hydroxylase activ- 
ities were similar regardless of the existence of its antipode, 
resulting in the stereoselectivity reversed from (+) > (-) in 
enantiomen to (+) < (-) in racemate. Such an interesting 
change in the stereoselectivity might be due to the difference in 
K m  values of bunitrolol enantiomers in the low-K, system; 
i.e., the Michaelis constant of (+)-bunitrolol (7.27 p ~ )  was 8- 
fold higher than that of (-)-bunitrolol (0.90 p ~ ) .  

Bunitrolol is extensively cleared by first-pass metabolism in 
the liver after its oral administration, so that marked differ- 
ences in kinetic parameters for 4-hydroxylation of bunitrolol 
enantiomers may be well reflected in the pharmacokinetics of 

bunitrolol in the rabbit in-vivo. In this context, detailed phar- 
macokinetic studies of bunitrolol racemate and enantiomers in 
the rabbit after oral and intravenous administration of buni- 
trolol racemate and enantiomers, in combination with in vitro 
studies, can become a good and useful model of the metabo- 
lism and disposition of chiral drugs. 
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