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Abstract—Chiral inversion at a sulphoxide position of flosequinan enantiomers [(+)-7-fluoro-1-methyl-
3-methylsulphinyl-4-quinolone] occurred in conventional rats but not in either germ-free rats or rats
treated with antibiotics after an oral administration of each enantiomer. Thus, it was postulated that
the chiral inversion occurred by mechanisms mediated by intestinal bacteria. The intestinal content
isolated from conventional rats reduced R(+)- and S(—)-flosequinan to produce the sulphide, while
intestinal content from rats treated with antibiotics did not reduce the drug. Several strains of facultative
anaerobes possessed a high flosequinan reducing activity. Escherichia coli, Klebsiella oxytoca and
Klebsiella pneumoniae reduced R(+)-flosequinan to the sulphide stereoselectively. On the other hand,
Enterobacter aerogenes and Micrococcus agilis exclusively reduced S(—)-flosequinan. The sulphide,
which could be produced by intestinal bacteria from R(+)- and S(—)-flosequinan, was readily absorbed
upon an oral administration to rats, and was oxidized fairly rapidly to R(+)- and S(—)-flosequinan and
further to the sulphone form. Based on these data, it has been confirmed that chiral inversion at the
sulphoxide position of flosequinan enantiomers occur via stereoselective reduction of sulphoxide by
intestinal bacteria to form the sulphide, followed by oxidation of the sulphide in the body to produce

R(+)- and S(—)-flosequinan.
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Intestinal bacteria have been known to play
important roles in the metabolism of many drugs
and carcinogens. Drugs administered orally are
exposed to intestinal bacteria before absorption.
Intestinal bacteria are generally involved in the
reduction of drugs. In fact, intestinal bacteria are
reported to reduce a variety of compounds possessing
double bonds, aldehyde, ketone, alcohol, nitro, N-
oxide, and azo groups [1,2]. In addition, the
intestinal bacteria reduced sulphoxide containing
drugs [3, 4].

Flosequinan [(+)-7-fluoro-1-methyl-3-methylsul-
phinyl-4-quinolone], a peripheral vasodilator with
effects on both arterial and vascular beds, is given
to patients orally [S, 6]. This compound has a chiral
sulphur yielding two enantiomers, R(+)- and S(—)-
flosequinan. The enantiomers of flosequinan are
metabolized to the sulphone as a major metabolite,
and to the sulphide as a minor metabolite [5-8]. The
pharmacokinetic behaviour of each enantiomer is
different and chiral inversion is observed in rats.
The chiral inversion is assumed to occur via the
sulphide form [8], since that form is oxidized
to flosequinan by cytochrome P450 and flavin-
containing monooxygenase (unpublished obser-
vations). Supporting the concept of the mechanism
of chiral inversion, it was found that the extent of
chiral inversion was greater when each enantiomer
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was given to rats orally: only a low level of chiral
inversion was seen when given intravenously [8].
To confirm the mechanism responsible for the
chiral inversion evidence that the intestinal bacteria
can reduce flosequinan to yield the sulphide is
presented in this paper. Also reported is that strains
of intestinal bacteria contain enzymes able to reduce
flosequinan enantiomers stereoselectively.

MATERIALS AND METHODS

Materials. Racemic flosequinan, flosequinan sul-
phone (7-fluoro-1-methyl-3-methylsulphonyl-4-qui-
nolone) and flosequinan sulphide (7-fluoro-1-methyl-
3-methylthio-4-quinolone) was supplied by the
Boots Company PLC (Nottingham, U.K.). The
enantiomers of flosequinan were prepared in the
Research Laboratory of Otsuka Pharmaceutical
(Tokushima, Japan). NADP*, glucose-6-phosphate
and glucose-6-phosphate dehydrogenase were
obtained from Oriental Yeast (Tokyo, Japan).
Dithiothreitol, neomycin, bacitracin chloram-
phenicol, nystatin and erythromycin were obtained
from Wako Pure Chemicals (Osaka, Japan).
Penicillin and streptomycin were obtained from
Meiji Confectionery (Tokyo, Japan). Benzyl viologen
was obtained from Tokyo Chemical Industry (Tokyo,
Japan). All other chemicals and solvents were of the
highest grade commercially available.

Animals and treatments. Sprague-Dawley male
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rats (6-7 weeks old) were purchased from Japan
SLC (Shizuoka, Japan) and maintained on a
commercial chow (MF; Oriental Yeast) and tap
water ad lib. When necessary, rats were treated with
antibiotics orally every 12hr for 3 days before
and throughout the period of experiments. For
experiment 1 the mixture of antibiotics, which
consists of neomycin, streptomycin and bacitracin,
was given to rats at a dose of 200 mg/kg for each
drug [9]. For experiment 2 the mixture of antibiotics,
consisting of chloramphenicol (87.5 mg/kg), nystatin
(25,000 units/kg), streptomycin (100 mg/kg), eryth-
romycin (100 mg/kg) and penicillin (10,000 units/
kg), was given to rats [10]. Germ-free rats purchased
from Nippon Clea (Tokyo, Japan) were kept in a
clean room and maintained on sterilized chow and
water ad lib. R(+)- and S(—)-flosequinan and
flosequinan sulphide were suspended with distilled
water and administered orally at a dose of 10 mg/
kg. Blood samples were collected from the tail vein
and were centrifuged to obtain plasma. Urine
samples excreted between 24 and 48 hr after
administration were collected. The plasma and urine
samples were stored at —20° until analysis.

Preparation of intestinal content. The intestinal
content of rats was prepared according to the method
of Ingebrigtsen and Froslie [11]. Rats were killed
and the content of the cecum was removed
anaerobically under a stream of carbon dioxide gas.
The content of the cecum was homogenized by
bubbling with carbon dioxide gas in 4 vol. of GAM
medium (Nissui Pharmaceutical, Tokyo, Japan) and
centrifuged at 500 rpm for 10 min. The upper phase
was used immediately after preparation.

Culture and preparation of crude extracts of
bacteria. Twenty-eight strains of bacteria were
obtained from the Japan Collection of Micro-
organisms, Institute of Physical and Chemical
Research (Saitama, Japan). Bacteria were grown in
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GAM medium anaerobically using the Gas Pak
system (Becton Dickinson and Company, MD,
U.S.A.) or aerobically with shaking. Crude extracts
of bacteria were prepared according to the method
of Kinouchi et al. [12]. Briefly, cells were harvested,
washed and suspended in a PBS (pH7.4). The
suspension was treated with sonic oscillation (Model
T-A-4280, Kaijo Denki, Tokyo, Japan) at 2.5 A for
5min, and then centrifuged at 9000 g for 20 min.
The supernatant fraction was stored at —80° after
freezing in liquid nitrogen until use. The protein
contents were determined by the method of Lowry
et al. [13] using BSA as a standard.

Incubation of flosequinan with intestinal content
and bacteria. A reaction mixture containing R(+)-
or S(—)-flosequinan at a final concentration of
100 uM or 3 mM and intestinal content or bacterial
culture was incubated at 37° (in the case of
Micrococcus agilis at 30°) anaerobically or aerobi-
cally. Heat-treatment of the intestinal content was
carried out at 100° for 5 min.

HPLC analysis. The concentrations of R(+)- and
S(—)-flosequinan and their metabolites (flosequinan
sulphide and flosequinan sulphone) were determined
using a stereoselective HPLC. The materials in
biological samples were extracted with chloroform
(3 mL). The chloroform layer (2 mL) was evaporated
to dryness under the stream of nitrogen at 40°. The
residue was dissolved in the mobile phase described
below and applied to HPLC equipped with an
HLC-803D system (Tosoh, Tokyo, Japan), analytical
column Chiralcel OD (4.6 mmi.d. X 250 mm; Daicel
Chemical Industries, Tokyo, Japan), UV-8000
UV-visible absorbance detector (Tosoh), RF-530
fluorescence detector (Shimadzu, Kyoto, Japan) and
C-R6A integrator (Shimadzu). The mobile phase
consisting of ethanol-methanol (22:78v/v) was
delivered at a flow rate of 0.7 mL/min. R(+)- and
S(—)-flosequinan and flosequinan sulphone were

Table 1. Urinary excretions after oral administration of R(+)- and §(—)-flosequinan at a dose of 10 mg/kg to germ-free
rats and rats treated with antibiotics

Urinary excretion (% of dose)

R(+)-Flosequinan

S(—)-Flosequinan

Time
Rats (hr) R-FSO S-FSO FS FSO, R-FSO S-FSO FS FSO,

Control 024 2.47+026 0.14+0.01 ND 63.6*+11.9 079*+0.17 9.28+158 ND 62.8+84

24-48 0.13 +0.01 ND ND 80+20 001001 024006 ND 79%x10
Germ-free 0-24 1.26 £0.06 ND ND 584+29 ND 6.32+1.69 ND 59.3=+18.5

24-48 0.03 = 0.02 ND ND 86=x3.6 ND ND ND 11.2*4.6
Antibiotics 024 422+0.16 ND ND 55.7=%22 ND 1120177 ND 474+33
Experiment 1 24-48 0.04 = 0.04 ND ND 69=*0.7 ND 022+006 ND 66=*1.4
Antibiotics 0-24 493+0.93 ND ND 51.6*x12 ND 11.86x0.69 ND 455=1.1
Experiment 2 24-48 0.15*0.08 ND ND 10.4=+0.5 ND 0.56+0.10 ND 10.3=x0.5

The results are the means = SD from three rats.

R-FSO, R(+)-flosequinan; S-FSO, S(—)-flosequinan; FS, sulphide metabolite; FSO,, sulphone metabolite; ND, not

detected (<0.01%).
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detected by their absorbance at 320 nm. Flosequinan
sulphide was determined fluorometrically with
excitation at 370 nm and emission at 430 nm.
Flosequinan reducing activity. The activities
of R(+)- and S(—)-flosequinan reductase were
calculated by measuring the production of the
sulphide. Since flosequinan reducing activities in
crude extracts of bacteria were scarcely detected
using NADPH and NADH instead of benzyl viologen
as electron donors, benzyl viologen was used in the
present study. This method was reported by
Yoshihara and Tatsumi [14] in the assay of aldehyde
oxidase and sulphoxide reductase. A typical
incubation mixture consisted of 100mM Na-K
phosphate buffer (pH 6.8), 1 mM benzyl viologen,
0.1 mM dithothreitol, 5 ug protein of crude extract
of bacteria and a substrate [0.5 mM R(+)- or S(—)-
flosequinan]. The reaction was started by the addition
of 10 mM dithionite in a final volume of 0.1 mL.
After incubation for 15 min at 37° the reaction was
terminated by the addition of 5% (w/v) trichloroacetic
acid (100 uL). After centrifugation the resulting
supernatant fraction (100 uL) was mixed with 0.5 M
Na-K phosphate buffer (2mL, pH6.8), and
fluorescence measured using a 650-10L.C fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) with
excitation at 370 nm and emission at 430 nm.

RESULTS

Chiral inversion in germ-free rats and treated with
antibiotics

To determine the role of intestinal bacteria in the
metabolism of flosequinan, R(+)- and S(-)-
flosequinan were given orally to germ-free rats and
rats treated with antibiotics at a dose of 10 mg/kg.
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The urinary excretions of R(+)- and S(-)-
flosequinan, flosequinan sulphide and sulphone are
shown in Table 1. When R(+)- and S(-)-
flosequinan were administered, more than 50% of the
administered compounds were excreted as the
sulphone form. The sulphide was not detected in
urine. In conventional rats a respective optical
antipode was detected separately in urine after the
oral administration of R(+)- and S(—)-flosequinan.
On the other hand, the optical antipode was not
detected in the germ-free rats and the rats pre-
treated with antibiotics. From the fact that chiral
inversion occurred in only conventional rats, it was
assumed that the intestinal bacteria played a key
role in the chiral inversion of flosequinan.

Reduction of R(+)- and S(—)-flosequinan by rat
intestinal bacteria

To further clarify the metabolic pathways of
flosequinan, in which intestinal bacteria are involved,
the metabolism was investigated by intestinal content
in vitro. R(+)- and S(—)-flosequinan, sulphide and
sulphone forms were added to the incubation mixture
containing intestinal content and incubated under
an anaerobic condition. Figure 1 shows the time-
dependent reduction of R(+)- and S(—)-flosequinan
metabolism by 1 and 5% (w/v) intestinal content.
Only the sulphide metabolite appeared when R(+)-
and S(—)-flosequinan were added to the incubation
mixture containing intestinal content. R(+)- and
S(—)-flosequinan decreased according to the pro-
duction of the sulphide form, which was also
dependent on the concentration of intestinal content
added to the mixture. The R(+)-flosequinan was a
better substrate than was the S(—)-flosequinan for
a reductase(s) in bacteria in intestinal content. Heat-
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Fig. 1. Time-dependent reduction of R(+)- and S(—)-flosequinan to form the sulphide by intestinal

content from untreated rats. R(+)- (A) and S(—)-flosequinan (B) were incubated anaerobically at 37°

with 1% (dashed lines) and 5% (solid lines) intestinal content and with heat-inactivated intestinal

content (5%, dashed and dotted lines) in GAM medium. @, R(+)-flosequinan; O, S(—)-flosequinan;
M, flosequinan sulphide.
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Table 2. Effects of treatment of rats with antibiotics and anaerobicity on the reduction by intestinal content of R(+)-
and S(—)-flosequinan to produce the sulphide

R(+)-Flosequinan

S(—)-Flosequinan

Time Aantibiotics  Antibiotics Aerobic Antibiotics  Antibiotics Aerobic
(hr) Control* Expt 1* Expt 2* condition  Control* Expt 1* Expt 2* condition
(% of reduction to sulfide)

2 16.9 ND ND 13.3 4.5 ND ND ND

4 41.5 ND ND 221 12.3 ND ND 41

8 76.1 ND ND 37.8 22,6 ND ND 10.1
12 85.9 ND ND 47.7 30.2 ND ND 12.6
24 90.2 ND 36.0 76.4 53.4 ND 41.1 39.5

The means of the experiments using the intestinal flora from three rats.

ND, not detectable (<0.1%).
* Under anaerobic condition.

Table 3. Reduction of R(+)- and S(—)-flosequinan by crude extracts prepared from
bacteria

Reductase activity (nmol/min/mg)

Bacteria strains

R(+)-flosequinan

S(—)-flosequinan

Oligate anaerobes
Bacteroides bivius
Bacteroides distasonis
Bacteroides pyogenes
Bacteroides vulgatus
Bifidobacterium adolescentis
Bifidobacterium bifidum
Bifidobacterium longum
Clostridium innocuum
Eubacterium limosum
Eubacterium nitritogenes
Fusobacterium necrophorum
Megashaera elsdenii
Mitsuokella multiacida
Peptostreptococcus prevotii
Propionibacterium acnes
Selenomonas sputigena
Facultative anaerobes
Bacillus alcalophilus
Enterobacter aerogenes
Enterococcus faecium
Escherichia coli

Kilebsiella oxytoca
Klebsiella pneumoniae
Lactobacillus acidophilus
Lactobacillus brevis
Lactobacillus casei
Micrococcus agilis
Morganella morganii
Staphylococcus aureus

ND ND
0.29 ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND ND
ND 5.82
ND ND
5.6 ND
19.5 ND
20.3 ND
ND ND
ND ND
ND ND
ND 7.11
27.6 4.17
ND ND

ND, not detectable (<0.01 nmol/min/mg).

treated intestinal content did not decrease the
concentration of R(+)- and S(—)-flosequinan added
to the incubations. On the other hand, when the
sulphide and sulphone forms were added to the
incubation mixture containing intestinal bacteria, no
change occurred in the concentrations of sulphide
and sulphone forms (data not shown).

To confirm that intestinal bacteria in intestinal

content were involved in the reduction of R(+)- and
S(—)-flosequinan, the reduction of R(+)- and S(—)-
flosequinan was examined by intestinal content from
rats treated with antibiotics. When R(+)- and S(—)-
flosequinan were incubated with intestinal content
(2.5%) from conventional rats (control) anaero-
bically, the production of the sulphide form was
observed (Table 2). The intestinal content from rats
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Fig. 2. Time-dependent changes in the plasma con-

centrations of R(+)- and S(—)-flosequinan, sulphone and

sulphide forms after an oral administration of flosequinan

sulphide at a dose of 10 mg/kg to male rats. Each point

represents the mean *+ SD from three rats. @, R(+)-

flosequinan; O, S(~)-flosequinan; 00, flosequinan sulphone;
M, flosequinan sulphide.

treated with antibiotics (experiment 1) did not
produce the sulphide form even after a 24 hr
incubation. No sulphide production was seen with
the intestinal content from the rats treated with
other antibiotics until 12 hr incubation, but was seen
after 24 hr incubation in experiment 2. These data
indicate that intestinal bacteria were involved in the
reduction of flosequinan.

Intestinal bacteria were divided into facultative
anaerobes and obligate anaerobes. Facultative
anaerobes grow both under anaerobic and aerobic
conditions, whereas obligate anaerobes do not grow
under an aerobic condition. To confirm which
bacteria in the intestine were involved in the
reduction of R(+)- and S(—)-flosequinan the
incubation was carried out both aerobically and
anaerobically. The reduction of R(+)- and S(—)-
flosequinan to form the sulphide occurred when
incubated with the intestinal content under aerobic
and anaerobic conditions (Table 2). The rate
of reduction under anaerobic conditions was
approximately 1.5-2.0 times faster than that under
aerobic conditions.

Examination for stereoselective reduction in bacteria

In order to examine the reductase in intestinal
bacteria able to produce the sulphide form from
R(+)- and S(—)-flosequinan, crude extracts of 16
and 12 strains of obligate and facultative anaerobes,
respectively, were prepared and incubated with
R(+)- and S(—)-flosequinan. Reductase activities in
bacteria are shown in Table 3. Almost all obligate
anaerobes, except for Bacteroides distasonis, showed
no reductase activity. Some facultative anaerobes
showed relatively high reductase activity. Escherichia
coli, Klebsiella oxytoca and Klebsiella pneumoniae
showed high reductase activity specific to R(+)-
flosequinan. Another two facultative anaerobes,
Enterobacter aerogenes and Micrococcus agilis,

showed high reductase activity specific to S(—)-
flosequinan. On the other hand, Morganella morganii
showed reductase activities both of R(+)- and S(—)-
flosequinan.

Lower parts of the intestinal tract are usually kept
anaerobic. Thus, it was examined whether the
reductase activities of the facultative anaerobes were
observed when cultured under anaerobic conditions.
The above-mentioned six facultative anaerobes,
which showed high reductase activity, also reduced
R(+)- and/or S(—)-flosequinan. In addition, the
stereoselectivity of the reductase remained un-
changed (Table 3). These results indicate that
anaerobicity is not essential for flosequinan reductase
activities in these facultative anaerobes (Table 3).

Absorption and metabolism of the flosequinan
sulphide

If chiral inversion occurred via the formation of
the sulphide produced by bacteria in the intestine,
the sulphide form must be absorbed and subsequently
oxidized to R(+)- and S(—)-flosequinan by an
enzyme(s) in rats. This possibility was examined by
measuring the plasma concentrations of metabolites
after oral administration of the sulphide to rats;
results are shown in Fig. 2. The sulphide was not
detectable even after the administration of the
sulphide: R(+)- and S(—)-flosequinan and the
sulphone appeared in the plasma. The concentration
of R(+)- and S(—)-flosequinan reached maximum
levels (0.93 and 0.38 ug/mL) in plasma 1 and 2 hr
after the administration, respectively. The con-
centration of the sulphone form reached a plateau
level (~1.5ug/mL) 8hr after the administration.
AUCs of R(+)- and S(—)-flosequinan and the
sulphone were calculated to be 4.89, 1.99 and
22.6 ug - hr/mL, respectively. It was indicated that
the sulphide was absorbed and rapidly oxidized to
yield the sulphoxides and develop further to the
sulphone form.

DISCUSSION

Compounds containing a sulphoxide group are
reduced to the sulphide form in animals [8, 15, 16].
The reduction may occur in vivo in either tissues or
the intestinal bacteria. It has been reported that
thioredoxin-linked enzyme systems [17], such as
methionine sulphoxide reductase [18], sulindac
reductase [19] and dimethyl sulphoxide reductase
[20], catalysed the reduction to the sulphide form in
liver and kidneys. Aldehyde oxidase has also been
reported to reduce the sulphoxide compounds under
aerobic conditions [14]. In the case of flosequinan,
it was suggested that this drug was reduced by the
cytosolic enzymes from the liver and kidneys, such
as the aldehyde oxidase and the thioredoxin-linked
enzyme systems in vitro (unpublished observations).
However, it was also assumed that intestinal bacteria
were involved in the reduction of flosequinan, since
the extents of chiral inversion which occurred via
the formation of the sulphide when given orally was
greater than that seen when given intravenously [8].
Therefore, the role of intestinal bacteria in the
sulphoxide reduction of flosequinan was investigated
in the present study.
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In this study, it was clarified that intestinal bacteria
were capable of reducing R(+)- and S(-)-
flosequinan. The intestinal content from rats treated
with antibiotics was devoid of the reducing activities.
However, the reducing activities returned after 24 hr
incubation in experiment 2 due to re-growth of the
intestinal bacteria. It can be considered that
decreased bacteria by antibiotics regrew with
reducing capabilities. The reductase in intestinal
bacteria rather than enzymes in the body may be a
major enzyme responsible for the reduction of
flosequinan, since the chiral inversion was not
observed in germ-free rats and rats treated with
antibiotics. The authors have determined that flavin-
containing mono-oxygenase and cytochrome P450
catalysed the stereoselective oxidation of the sulphide
to produce R(+)- and S(—)-flosequinan (unpublished
observations). Based on these data, it is confirmed
that chiral inversion occurs via the reduction of the
sulphoxides in the intestine by intestinal bacteria to
form the sulphide, followed by oxidation of the
sulphide in the body by flavin-containing mono-
oxygenase and cytochrome P450 to produce R(+)-
and S(—)-flosequinan.

It is known that the composition of intestinal
bacteria is influenced by diet, age and disease [21].
In addition, treatment of animals with foreign
compounds, especially antibacterial drugs, affects
the intestinal bacteria. These compounds have been
widely used clinically. Therefore, chiral inversion of
flosequinan may also be influenced by diet, age,
disease and foreign compounds.

The flosequinan reductase activity in the bacterial
culture was observed using the GAM medium (Fig.
2), while the activity was not detected using LB* or
NB medium. However, the crude extracts of the
cells grown in the LB or NB medium showed a
reductase activity comparable to that cultured in the
GAM medium using reduced benzyl viologen and
methyl viologen as an electron donor (data not
shown). These results suggest that the flosequinan
reductase is expressed in growing cells cultured in
the LB or NB medium. These results may be
accounted for by assuming that an electron donor(s)
or proteins related to electron transfer are not
present in growing cells cultured in the LB or NB
medium. The GAM medium contains many kinds
of nutritional factors: meat extract, liver extract,
etc. It is not clear which one of the compositions in
the GAM medium relates to the electron transfer
system. Despite these experimental results, it is
assumed that the reductase in intestinal flora can
reduce flosequinan, since there are various kinds of
nutrients and compounds in the intestine.

It is of interest that the high flosequinan reductase
activity was seen in facultative anaerobes, among
the investigated strains of intestinal bacteria.
Although only small amounts (less than 1% of
obligate anaerobes) are reported to grow in the
intestine [21], the reduction capacity of intestinal
content seen after aerobic incubations was more
than half the level seen after anaerobic incubations.

Escherichia coli showed a high flosequinan

* Abbreviations: LB, Luria-Bertani; NB, Nutrient-
Broth.

reductase activity. Dimethyl sulphoxide reductase
[22,23], biotin sulphoxide reductase [24] and
trimethylamine N-oxide reductase [25] were purified
and cloned from Escherichia coli and other bacteria.
These enzymes can serve as terminal electron transfer
enzymes and reduce sulphoxide compounds with low
specificity. However, the stereoselectivity of the
reductase has not, to our knowledge, been reported.
The reductase activities of these enzymes were
present in cells grown anaerobically but repressed
in aerobic growth [26, 27]. The present data indicate
that flosequinan reductase activity in cells grown
aerobically is higher than that in cells grown
anaerobically, suggesting that flosequinan reductases
differ from purified enzymes and those cloned from
bacteria.

It was most interesting that the stereoselectivity
was seen in the flosequinan reductase. The reductase
may be a useful tool for the analysis of the
three-dimensional structure of active sites and
stereoselectivity in future studies. The purified or
cloned enzymes with stereoselective sulphoxide
reductase activity have not been previously reported.
This group is currently purifying the stereoselective
flosequinan reductase in order to compare these
properties and structures.

Acknowledgement—A part of this study was supported by
a Grant-in-Aid from the Ministry of Education, Science
and Culture of Japan.

REFERENCES

1. Scheline RR, Metabolism of foreign compounds by
gastrointestinal microorganisms. Pharmacol Rev 25:
451-523, 1973.

2. Chadwick RW, George SE and Claxton LD, Role of
the gastrointestinal mucosa and microflora in the
bioactivation of dietary and environmental mutagens
or carcinogens. Drug Metab Rev 24: 425-492, 1992.

3. Renwick AG, Evans SP, Sweatman TW, Cumberland
J and George CF, The role of the gut flora in the
reduction of sulphinpyrazone in the rat. Biochem
Pharmacol 31: 2649-2656, 1982.

4. Renwick AG, Strong HA and George CF, The role of
the gut flora in the reaction of sulphoxide containing
drugs. Biochem Pharmacol 35: 64, 1986.

5. Cowley AJ, Wynne RD and Hampton JR, The effect
of BTS 49465 on blood pressure and péripheral
arteriolar and venous tone in normal volunteers.
Hypertension 2: (Suppl 3): 547-549, 1984.

6. Yates DB, Pharmacology of flosequinan. Am Heart J
121: 974-983, 1991.

7. Wynne RD, Crampton EL and Hind ID, The
pharmacokinetics and haecmodynamics of BTS 49 465
and its major metabolite in healthy volunteers. Eur J
Clin Pharmacol 28: 659-664, 1985.

8. Kashiyama E, Todaka T, Odomi M, Johnson DB,
Yokoi T, Kamataki T and Shimizu T, Xenobiotica 24:
369-377, 1994,

9. Kim DH and Kobashi K, The role of intestinal flora in
metabolism of phenolic sulfate ester. Biochem
Pharmacol 35: 3507-3510, 1986.

10. Kinouchi T, Kataoka T, Miyanishi K, Akimoto S and
Ohnishi Y, The role of intestinal microfiora in metabolic
activation and absorption of detoxified conjugates. In:
22nd Symposium on Drug Metabolism and Action,
Fukuoka, Japan, 18-20 September 1991 (Ed. Toki S),
pp- 53-54, 1991.



11.

12.

13.

14.

15.

16.

17.

18.

19.

Reduction of flosequinan by intestinal bacteria

Ingebrigtsen K and Froslie A, Intestinal metabolism of
DNOC and DNBP in the rat. Acta Pharmacol et
Toxicol 46: 326-328, 1980.

Kinouchi T, Manabe Y, Wakisaka K and Ohnishi
Y, Biotransformation of 1-nitropyrene in intestinal
anaerobic bacteria. Microbiol Immunol 26: 993-1005,
1982.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

Yoshihara S and Tatsumi K, Guinea pig liver aldehyde
oxidase as a sulfoxide reductase: its purification and
characterization. Arch Biochem Biophys 242: 213-224,
1985.

Webster LK, Jones DB, Mihaly GW, Morgan DJ and
Smallwood RA, Effect of hypoxia on oxidative and
reductive pathways of omeprazole metabolism by the
isolated perfused rat liver. Biochem Pharmacol 34:
1239-1245, 1985.

Duggan DE, Hooke KF, Noll RM, Hucker HB and
Arman CGV, Comparative disposition of sulindac and
metabolites in five species. Biochem Pharmacol 27:
2311-2320, 1978.

Anders MW, Ratnayake JH, Hanna PE and Fuchs JA,
Involvement of thioredoxin in sulfoxide reduction by
mammalian tissues. Biochem Biophys Res Commun
97: 846-851, 1980.

Aymard C, Seyer L and Cheftel JC, Enzymatic
reduction of methionine sulfoxide. In vitro experiments
with rat liver and kidney. Agric Biol Chem 43: 1869-
1872, 1979.

Anders MW, Ratnayake JH, Hanna PE and Fuchs JA,

BP 48:2-8

20.

21.

22.

23.

24.

25.

26.

27.

243

Thioredoxin-dependent sulfoxide reduction by rat renal
cytosol. Drug Metab Dispos 9: 307-310, 1981.
Fukazawa H, Tomisawa H, Ichihara S and Tateishi M,
Purification and properties of methyl sulfoxide
reductase from rat kidney. Arch Biochem Biophys 256:
480-489, 1987.

Morishita Y and Miyaki K, Effect of age and starvation
on the gastrointestinal microflora and the heat resistance
of fecal bacteria in rats. Microbiol Immunol 23: 455—
470, 1979.

Weiner JH, Macisaac DP, Bishop RE and Bilous PT,
Purification and properties of Escherichia coli dimethyl
sulfoxide reductase, an iron-sulfur molybdoenzyme
with broad substrate specificity. J Bacteriol 170: 1505-
1510, 1988.

Bilous PT and Weiner JH, Molecular cloning and
expression of the Escherichia coli dimethyl sulfoxide
reductase operon. J Bacteriol 170: 1511-1518, 1988.
Pierson DE and Campbell A, Cloning and nucleotide
sequence of bisC, the structural gene for biotin sulfoxide
reductase in Escherichia coli. J Bacteriol 172: 2194-
2198, 1990.

Silvestro. A, Pommier J, Pascal MC and Giordano G,
The inducible trimethylamine N-oxide reductase of
Escherichia coli K12: its localization and inducers.
Biochim Biophys Acta 999: 208-216, 1989.

Takagi M, Tsuchiya T and Ishimoto M, Proton
translocation coupled to trimethylamine N-oxide
reduction in anaerobically grown Escherichia coli. J
Bacteriol 148: 762-768, 1981.

Bilous PT and Weiner JH, Proton translocation coupled
to dimethyl sulfoxide reduction in anaerobically grown
Escherichia coli HB101. J Bacteriol 163: 369-375, 1985.



