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Introduction

Bile acids are the main constituents of bile, which contri-
butes to fat absorption and digestion in the animal intestinal
tract. They are synthesized from cholesterol in the liver
mostly as the primary bile acids cholic acid (CA; 3a,70,120-
trihydroxy-5f3-cholan-24-oic acid) and chenodeoxycholic
3a,7a-dihydroxy-58-cholan-24-oic
(Begley et al., 2005). Intestinal bacteria are able to convert
these acids into various types of secondary bile acids (Ridlon
et al., 2006). Some secondary bile acids are known to affect
human health; for example, deoxycholic acid (DCA; 30,120
dihydroxy-5B-cholan-24-oic acid) and lithocholic acid
(LCA; 30-hydroxy-5B-cholan-24-oic acid) are well known
for their ability to promote colon cancer in an experimental

acid (CDCA;
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Abstract

Secondary bile acid-producing bacteria were isolated from human feces to improve
our appreciation of the functional diversity and redundancy of the intestinal
microbiota. In total, 619 bacterial colonies were isolated using a nutrient-poor agar
medium and the level of secondary bile acid formation was examined in each by a
liquid culture, followed by thin-layer chromatography. Of five strains analyzed by
16S rRNA gene sequencing and biochemical testing, one was identified as
Bacteroides intestinalis AM-1, which was not previously recognized as a secondary
bile-acid producer. GC-MS revealed that B. intestinalis AM-1 converts cholic acid
(CA) and chenodeoxycholic acid into their 7-oxo derivatives, 7-oxo-deoxycholic
acid (7-oxo-DCA) and 7-oxo-lithocholic acid, respectively. Thus, B. intestinalis
AM-1 possesses 70-hydroxysteroid dehydrogenase (7a-HSDH) activity. In liquid
culture, B. intestinalis AM-1 showed a relatively higher productivity of 7-oxo-DCA
than Escherichia coli HB101 and Bacteroides fragilis JCM1 1019%, which are known
to possess 7a-HSDH activity. The level of 70-HSDH activity was higher in
B. intestinalis AM-1 than in the other two strains under the conditions tested.
The 70-HSDH activity in each of the three strains is not induced by CA; instead,
it is regulated in a growth phase-dependent manner.

rodent model (Reddy et al., 1975, 1976). Recently, DCA and
LCA were recognized as carcinogens in the human gastro-
intestinal tract (Bernstein et al., 2005), but the effect of other
secondary bile acids on human health is unknown. Thus,
clarifying the mechanisms of bile acid conversion in the
intestines is important for the maintenance of human
health.

Most studies aimed at isolating secondary bile acid-
producing bacteria were conducted in the 1970s and 1980s,
and few reports on the isolation of secondary bile acid
producers have been published during this decade (Wells
et al., 2000; Lepercq et al., 2004). However, the level of
bacterial diversity in the human intestinal microbiota has
exceeded all previous estimates. Recent analyses of the
molecular diversity in the human intestinal microbiota have

acid)
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indicated that up to 800 bacterial species inhabit our
gastrointestinal tract (Bickhed et al., 2005). Thus, it may be
possible to isolate previously undescribed secondary bile
acid producers from the human gut microbiota.

The functionalities of gut microbiota and their impact on
host health have been recognized as an important issue. As a
result, metagenomic analyses of the human gut microbiota
have been conducted (Gill et al., 2006; Kurokawa et al., 2007;
Jones et al., 2008), and genomic sequencing of 100 repre-
sentative bacterial species from the human gastrointestinal
tract has also been initiated (Turnbaugh et al., 2007). A huge
amount of genomic sequence information is now available,
and more will be obtained in the near future. However,
physiological and biochemical studies of human intestinal
bacteria are not being conducted at the same rate. Extensive
studies are needed to clarify the physiological and biochem-
ical properties of each intestinal bacterium. Therefore, we
focused on the bile acid-converting bacteria in human
intestines to clarify their physiological properties during bile
acid metabolism. In this study, Bacteroides intestinalis AM-1
was identified from a screen for new secondary bile acid-
producing bacteria in human feces. The 7a-hydroxysteroid
dehydrogenase (7a-HSDH; EC 1.1.1.159) activity i.e. the
ability to transform CA and CDCA into their 7-oxo-
derivatives, of this strain was investigated.

Materials and methods

Bacterial strains and bile acids

Escherichia coli HB101 was obtained from the National
BioResource Project (NBRP, Tokyo, Japan). Bacteroides
intestinalis JCM13265" and Bacteroides fragilis JCM110197
(= ATCC25285) were obtained from the Japan Collection of
Microorganisms (Wako, Saitama, Japan). CA, CDCA, and
DCA were purchased from Sigma-Aldrich Co. (St. Louis,
MO), while 7-0xo-DCA and 7-oxo-LCA were obtained from
Steraloids Inc. (Newport, RI). Nor-deoxycholic acid
(NDCA; 3,12-dihydroxy-nor-cholanic acid) was purchased
from MP Biomedicals (Irvine, CA). Bile acid stock solutions
were prepared in methanol at 100 x the final concentration
desired in culture media. Filter-sterilized stocks were added
to autoclaved media.

Screening for secondary bile acid-producing
bacteria in human fecal samples

Fecal samples were obtained from three healthy Japanese
adults aged 41 (female), 47 (male), and 71 (female) years.
The samples were collected in Falcon 2070 tubes and kept
under anaerobic conditions using an anaerobic pouch
(Mitsubishi Gas Chemical Company Inc., Tokyo, Japan).
All subsequent procedures and all cultures were performed
at 37°C under anaerobic conditions (80:10:10
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N,:CO,:H,) in an anaerobic chamber (Coy Laboratory
Products Inc., Grass Lake, MI). The samples were homo-
genized in 100 mM HEPES buffer (pH 7.5) and appropriate
dilutions of the fecal suspensions were plated on a nutri-
tionally poor agar medium, 1/4 x Gifu anaerobic medium
(GAM) (1/4GAM) (Nissui Pharmaceutical Co. Ltd, Tokyo,
Japan), containing 15gL™" agar to avoid overlapping of
bacterial colonies by limiting the growth of rapidly growing
bacterial species, thereby facilitating the isolation of slow
growers. After 2—7 days of culture, the colonies on the plates
were picked and cultured either in 200 uL of GAM, liquid
casein yeast (LCY), or peptone-yeast extract (PY) broth
containing 0.1 mM CA or CDCA in 96-well microtiter plates
for 48h. The compositions of LCY and PY broth were
described by Lepercq et al. (2004) and in Hirano et al.
(1981), respectively. The bile acid conversion activity of each
isolate was detected by thin-layer chromatography (TLC) as
described below; all positive cultures that gave disappear-
ance of substrate spot and/or appearance of new spot(s)
corresponding to possible reaction products were tested for
reproducibility. For TLC, 100 pL of each bacterial culture
was acidified to pH 1.0 with 20 uL of 3N HCI, and then
extracted once with five volumes of ethyl acetate. After
evaporation to dryness, the extracted bile acid was recon-
stituted with 10 pL of methanol and applied to a TLC plate
(Silica gel 60; Merck KGaA, Darmstadt, Germany). After
development using a solvent system consisting of 15:10:4
ethyl acetate: cyclohexane : acetic acid (Eneroth, 1963), the
bile acids were detected by spraying with 10% (w/v)
molybdophosphoric acid in ethanol, followed by heating to
120 °C.

Identification of the bacterial strains

Genomic DNA was purified from all candidate strains using
ISOPLANT II (Nippon Gene Co. Ltd, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. Amplification of the
16S rRNA gene fragment was carried out using the primer
pair 27f (5-AGAGTTTGATCCTGGCTCAG-3’) and 1492r
(5'-GGTTACCTTGTTACGACTT-3’). Amplification, puri-
fication, and sequencing of the 16S rRNA gene region in the
bacteria were conducted as described previously (Réling &
Head, 2005). Similarity searches were performed with the
nucleotide sequences using the BLAST program. API 20A and
rapid ID 32A (BioMérieux, Marcy I'Etoile, France) were
used for biochemical testing according to the manufac-
turer’s instructions.

Identification of the secondary bile acids
produced by the candidate strains by GC-MS

The isolated bacteria were cultured in PY medium supple-
mented with 0.1 mM CA or CDCA at 37 °C under anaerobic
conditions. Bile acids were extracted from 500 UL of culture
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broth as described above; each extraction was repeated three
times. The extracted bile acids were subsequently dissolved
in 400 uL of methanol. Derivatization of the acids and the
identification of the converted products by GC-MS were
conducted as described previously (Minamida et al., 2005).

Time course of 7-oxo-DCA formation from CA by
three different bacteria during culture in GAM
medium

Three bacterial strains, B. intestinalis AM-1, E. coli HB101,
and B. fragilis JCM11019", were precultured in GAM
medium at 37°C in an anaerobic chamber until the sta-
tionary phase. The cultures were then inoculated into 5 mL
of GAM medium supplemented with 1 mM CA to yield an
ODggonm Of 0.01 and cultured under the same conditions.
Growth was monitored based on the ODggo,n using a
photometer (MiniPhoto 518R; Taitec Corp., Koshigaya,
Saitama, Japan). During the culture period, bile acids were
extracted with ethyl acetate from the culture broth as
described for GC-MS. After evaporation to dryness, the
extracts were dissolved in an appropriate amount of metha-
nol. HPLC was performed using an HPLC system LC-
2000Plus (JASCO Corp., Hachioji, Tokyo, Japan). The bile
acids were separated using a Bilepak II separation column
(4.6mm x 125mm, JASCO) with solvent A (20:20:60
methanol : acetonitrile: 30 mM ammonium acetate) and
solvent B (30: 30 : 40 methanol : acetonitrile : 30 mM ammo-
nium acetate) as the mobile phase. Elution was conducted at
a flow rate of 1.0mLmin ' as follows: linear gradient
starting with 100% solvent A and ending with 100% solvent
B after 32 min, retention for 28 min with 100% solvent B,
and 100% solvent A for 20 min. The eluted bile acids were
selectively detected by an enzymatic reaction using immo-
bilized 30-HSDH on an Enzymepak 30-HSD column
(4mm x 20 mm; JASCO). The reaction mixture used for
detection consisted of 0.3 mM B-NAD", 10 mM KH,PO,,
1 mM EDTA-2Na, and 0.05% 2-mercaptoethanol (pH 7.8,
adjusted with 5N KOH). NADH formation was detected
using a fluorescence detector at an excitation wavelength of
345 nm and an emission wavelength of 470 nm. Quantifica-
tion of the bile acids was carried out using NDCA as an
internal standard. The conversion yield of 7-oxo-DCA from
CA was calculated as the percentage of the molar concentra-
tion of extracted 7-oxo-DCA from the total concentration of
extracted bile acids (CA and 7-oxo-DCA). Apparent specific
conversion activity was defined as the conversion yield
divided by the ODggp nm, after an appropriate time of culture
(see results and footnotes to Table 1).

Measurement of 7a-HSDH activity

Cells of three bacterial strains, B. intestinalis AM-1, E. coli
HB101, and B. fragilis JCM11019%, were collected from the
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Table 1. Apparent specific conversion activities in three bacterial strains

Apparent specific conversion

Strains activity + SD*
B. intestinalis AM-1 86.1+16.0
E. coliHB101 20.4+15.7
B. 7‘rr:~7g/'/iSJCl\/I11019T 37.4+1.5

*Defined as the molar conversion yield of 7-oxo-DCA (%) per ODegonm
after 13 h of culture for both Bacteroides intestinalis AM-1 and Escher-
ichia coli HB101 and 9 h of culture for Bacteroides fragilis JCM11019".
The average values from at least four independent experiments and SDs
are shown.

cultures by centrifugation, washed three times with saline,
and then resuspended in extraction buffer [20 mM Tris-HCI
(pH 8.0) and 15% (w/v) glycerol]. The cells were disrupted
by sonication with a Bioruptor UCD-200T (Cosmo Bio Co.
Ltd, Tokyo, Japan) set to provide a 1-min pulse, followed by
I min of no pulse repeatedly for 30 min. The disrupted
samples were centrifuged at 39 100 g at 4 °C for 40 min and
the supernatants were gel-filtrated through a PD-10 column
(GE Healthcare UK Ltd, Little Chalfont, Buckinghamshire,
UK). Each crude extract was concentrated using an Amicon
Ultra-4 (Millipore Corp., Billerica, MA) and immediately
used as a crude enzyme for the measurement of 7a-HSDH
activity. 70-HSDH activity was measured in a reaction
mixture consisting of 50 mM Tris-HCI (pH 8.5), 1 mM CA,
1 mM NAD™, and 20 L of crude cell extract (total volume =
1 mL) at 37 °C. The formation of NADH was monitored by
measuring Az, with a DU800 spectrophotometer (Beckman
Coulter Inc., Fullerton, CA). In the measurements, a reac-
tion mixture without CA was first prepared for baseline
measurement, and then the reaction was started by the
addition of CA. During the optimization of the conditions
for the measurement of 7a-HSDH activity of each bacterial
strain, we found a rapid loss of 7a-HSDH activity in the
crude cell extract from B. fragilis JCM11019" when 20 mM
Tris-HCI (pH 8.0), which was originally employed for the
extraction of 7o-HSDH from E. coli HB101 (Yoshimoto
et al., 1991), was used as the extraction buffer. Stabilization
of the enzyme activity was successfully achieved by the
addition of 15% (w/v) glycerol to the extraction buffer. The
effect of the addition of dithiothreitol on the activity of
70-HSDH was tested, because in many cases reducing agents
are included in the extraction buffer for obligate anaerobes
such as Bacteroides thetaiotaomicron (Hylemon & Sherrod,
1975) and B. fragilis ATCC25285 (= JCM11019%) (Bennett
et al., 2003). However, no appreciable changes were ob-
served in the 7a-HSDH activities of B. intestinalis AM-1 and
B. fragilis JCM11019" when 1 mM dithiothreito] was added
to the extraction buffer containing 15% (w/v) glycerol.
From these results the extraction buffer consisting of
20mM Tris-HCI (pH 8.0) and 15% (w/v) glycerol was
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established and applied for the preparation of crude cell
extracts from the three bacterial strains. No appreciable
decrease in the 70-HSDH activities was observed in the
crude cell extracts from all these bacterial strains at least for
a few hours on ice during the measurements. One unit of
activity was defined as the amount of enzyme that released
1 umol NADH min™" under these assay conditions. Specific
activity was expressed as enzyme activity units per milligram
protein. The protein concentration of the crude cell extract
was determined using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Hercules, CA), with bovine serum albumin as
the standard. All measurements were repeated at least twice
for three independent cultures. Differences in enzymatic
activity were analyzed by statistical testing. Two-sided
Student’s #-test was used to test for intraspecific differences,
while Tukey’s test was used to test for interspecific differ-
ences among the three bacterial strains.

Results

Human fecal samples were screened for secondary bile acid-
producing bacteria using 1/4GAM agar medium. The use of
such a nutrient-poor medium allowed us to obtain more
slow growers than would be possible using normal GAM
medium (data not shown). As a result, 619 colonies were
isolated and these isolates were evaluated for their ability to
convert primary bile acids by TLC. Reproducible results
were obtained for five isolates. 16S rRNA gene sequence
analysis and the identification of the transformation pro-
ducts from CA and CDCA by HPLC and/or GC-MS
indicated that four of the isolates were closely related to
previously identified secondary bile acid-producing bacteria
(their respective products are indicated in parentheses):
Clostridium leptum (DCA and LCA) (Stellwag & Hylemon,
1979), Clostridium scindens (DCA and LCA) (Kitahara et al.,
2000), E. coli (7-oxo-DCA and 7-oxo-LCA) (Prabha et al.,
1989), and B. fragilis (7-oxo-DCA and 7-oxo-LCA) (Macdo-
nald et al., 1975). However, one isolate, a Gram-negative rod
forming relatively small colonies on 1/4GAM agar plates
after a prolonged culture period, showed 99.9% 16S rRNA
gene sequence identity to that of the type strain of
B. intestinalis JCM13265". Bacteroides intestinalis was recently
identified as a human intestinal bacterium (Bakir et al.,
2006). Recent investigation revealed the population of
B. intestinalis to be about 10%° g™' of the human fecal sample
(Odamaki et al., 2008). Because secondary bile acid forma-
tion has not been reported in this species, we analyzed this
isolate further. Biochemical testing of this isolate and the
type strain of B. intestinalis JCM13265" using API 20A and
rapid ID 32A indicated that the strains had identical
biochemical activities for various types of substrates (data
not shown). Based on these results, we identified the isolate
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as B. intestinalis AM-1. The partial B. intestinalis AM-1 16S
rRNA gene sequence has been deposited in DDBJ/EMBL/
GenBank (accession no. AB437413).

The conversion products from primary bile acids for
B. intestinalis AM-1 were analyzed by GC-MS. Single peaks
representing the conversion products from CA and CDCA
were detected by GC; their retention times corresponded to
those of authentic 7-oxo-DCA and 7-oxo-LCA, respectively.
The m/z values for the fragment ions corresponding to the
conversion product from CA (251, 269, 341, 359, and 474)
were identical to those for authentic 7-oxo-DCA (Matoba
et al., 1986). A similar result was obtained for the conversion
product from CDCA (m/z 253, 368, and 386 for 7-oxo-LCA)
(Higashi et al., 1979; Tohma et al., 1981). These results
clearly indicate that B. intestinalis AM-1 has 70-HSDH
activity toward primary bile acids and is capable of convert-
ing CA and CDCA to 7-ox0-DCA and 7-oxo-LCA, respec-
tively. Notably, the type strain B. intestinalis JCM13265"
catalyzed the same reactions as B. infestinalis AM-1 (data
not shown).

To evaluate the characteristics of B. intestinalis AM-1 in
bile acid conversion, the time course of 7-oxo-DCA forma-
tion from CA was compared with those of E. coli HB101 and
B. fragilis JCM11019" (= ATCC25285), which are known to
have 70-HSDH activity (Yoshimoto et al., 1991; Bennett
et al., 2003), by culturing them in GAM medium supple-
mented with 1 mM CA. This CA concentration was chosen
to approximate the concentration in the human intestine as
the total 3-hydroxy bile acid concentration in cecal content
has recently been reported to be 0.6 £ 0.3 mM (mean £ SD)
(Hamilton et al., 2007). As shown in Fig. la, B. intestinalis
AM-1 showed a slower rate and a lower level of growth than
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Fig. 1. Growth and time course of 7-oxo-DCA formation from CA in
three bacterial strains: Bacteroides intestinalis AM-1, Escherichia coli
HB101, and Bacteroides fragilis JCOM11019". Bacteria were anaerobically
cultured in GAM medium supplemented with 1 mM CA. The data shown
are the means of at least three independent experiments. Bars represent
the means + SDs. (a) Growth; (b) conversion yield of 7-oxo-DCA. Closed
circle, B. intestinalis AM-1; closed triangle, E. coli HB101; and closed
square, B. fragilis JCM11019".
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the other two strains. Under our conditions, the final
ODg¢gonm Of B. intestinalis AM-1 was about one-third and
one-half that of B. fragilis JCM11019" and E. coli HB101,
respectively. These growth characteristics seemed intrinsic
to B. intestinalis AM-1 and not due to the growth inhibition
by the added CA, because in the preliminary experiments,
we have observed that this CA concentration exerts small
growth inhibition (15-30% decrease in ODggonm) in all
three strains.

However, the kinetics of 7-oxo-DCA formation did not
correspond to the growth characteristics (Fig. 1b). Whereas
B. fragilis JCM11019" exhibited the fastest and most com-
plete conversion, the kinetics for E. coli HB101 were delayed;
the conversion yield reached only 40% after 24 h of incuba-
tion. Bacteroides intestinalis AM-1 converted > 70% of the
CA within 16 h of culture and 80% within 24 h despite its
growth characteristics. Note that the conversion reaction
became apparent after the cells reached the late-log to early
stationary phase in each strain (Fig. 1b), suggesting the
growth phase-dependent regulation of 70-HSDH expression
in these strains. Because 7-0xo-DCA formation began at the
late-log or the stationary phase, when the growth was nearly
at its peak, we calculated the apparent specific conversion
activity (yield of 7-oxo-DCA divided by the ODggonm of
culture) for each strain and compared them with each other.
The time point of calculation was determined with the
following criteria: (1) the viability of bacterial population
in the culture is still proportional to its ODggg nm to ensure
metabolic activity for bile acid conversion and (2) 7-oxo-
DCA vyield has reached a substantial level so that the
calculation can be performed with reliability. Measurements
of the viable count using the GAM plate of each strain
during the bile acid conversion revealed that the correlation
between ODggo nm and viability is retained until at least the
early stationary phase in all the strains (5 h for E. coli HB101,
9h for B. fragilis JCM11019", and 13 h for B. intestinalis AM-
1, data not shown). However, in the case of B. fragilis
JCM11019%, a rapid decrease of viability was observed
after that, while the rest of the strains showed no apparent
decrease of viabilities during the stationary phase until
24-h culture (data not shown). From these observations,
the time points for calculation were determined at after
13h of culture for both B. intestinalis AM-1 and E. coli
HBI101, and 9h of culture for B. fragilis JCM11019". As
shown in Table 1, the highest value was obtained for
B. intestinalis AM-1 (4.2-fold higher than the value for
E. coli HB101 and 2.3-fold higher than the value for
B. fragilis JCM11019"). These results indicate that B.
intestinalis AM-1 is capable of converting CA to 7-oxo
DCA using a smaller amount of the cells (ODggpnm basis)
than the other strains.

The level of 7a-HSDH activity in each strain was mea-
sured using a crude extract prepared from cells cultured in
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Fig. 2. 70-HSDH activity in three bacterial strains: Bacteroides intestina-
lis AM-1, Escherichia coli HB101, and Bacteroides fragilis JCM1 1019".
Bacteria were cultured anaerobically in GAM medium supplemented
with CA (filled bars) or without CA (open bars). 7a-HSDH activity is
expressed as unit mg™' protein. The definition of units is described under
Materials and methods. The data shown are the means of the specific
enzyme activities from at least three independent experiments. Bars
represent the means + SDs.

GAM medium supplemented with 1 mM CA until the late-
log and stationary phases. As shown in Fig. 2 (filled bars),
70-HSDH activity was detected in all three strains; however,
the level of activity in B. intestinalis AM-1 was significantly
higher than that in either of the other two strains (P < 0.05)
when compared within each growth phase, except for E. coli
HB101 at the stationary phase. These results may explain
why B. intestinalis AM-1 showed greater apparent specific
conversion activity at the stationary phase than B. fragilis
JCM11019". The low level of conversion in E. coli HB101,
however, cannot be explained based on its level of enzymatic
activity, which was not significantly different from that in
B. intestinalis AM-1 at the stationary phase. In addition,
NADP-dependent 70-HSDH activity was measured in
B. intestinalis AM-1 using an assay mixture containing
1 mM NADP™ instead of 1 mM NAD™. NADP-dependent
70-HSDH activity was not detected at either growth phase.
Note that a significant increase in 7a-HSDH activity was
observed from the late-log to the stationary phase
(P < 0.05) in all of the strains, which corresponds well with
the kinetics of 7-oxo-DCA formation (Fig. 1b). These results
indicate that the regulation of 7a-HSDH expression is
growth phase-dependent for the Gram-negative species used
in this study. To check the substrate inducibility of 7a-
HSDH activity, the effect of eliminating CA from the GAM
medium on 7a-HSDH activity was investigated. As shown
in Fig. 2 (open bars), the absence of CA did not affect 7a-
HSDH activity in any of the strains tested at either growth
phase. Our results indicate that the expression of 70-HSDH
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activity in the tested strains is not induced by CA, but is
regulated in a growth phase-dependent manner.

Discussion

In this study, we demonstrated that B. intestinalis, a human
intestinal isolate, is a secondary bile-acid producer that
contributes to the conversion of CA and CDCA into 7-oxo-
DCA and 7-oxo-LCA, respectively. The isolated strain,
B. intestinalis AM-1, formed relatively small colonies after a
prolonged culture on 1/4GAM agar plates, which corre-
sponded well with its growth characteristics in liquid GAM
medium (a slower growth rate and a lower growth level than
B. fragilis and E. coli, Fig. la).

To date, bacterial 70-HSDH reactions catalyzing the
bioconversion of CA and CDCA to 7-oxo-DCA and 7-oxo-
LCA, respectively, have been reported in several intestinal
bacterial species, including C. scindens (Baron et al., 1991),
B. thetaiotaomicron (Sherrod & Hylemon, 1977), B. fragilis
ATCC25285 (=JCM11019%) (Bennett et al., 2003), and
E. coli HB101 (Yoshimoto et al., 1991). However, compara-
tive data concerning the conversion reactions and/or
70-HSDH activity measurements in multiple strains under
the same experimental conditions have not been reported.
The results obtained in this study (Figs 1 and 2) provide the
first comprehensive picture of the relative effectiveness of
B. intestinalis AM-1 in 7-oxo-DCA formation in vitro
compared with that in representative members of the human
intestinal microbiota (B. fragilis and E. coli). Our results
indicate that among the three strains tested, the conversion
activity was the highest in B. intestinalis AM-1 (Table 1), and
this correlates with the high level of 7a-HSDH activity in
that strain (Fig. 2). Why E. coli HB101 was so ineffective at
forming 7-oxo-DCA is unclear, given that its level of
70-HSDH activity was comparable to that in B. intestinalis
AM-1. The conversion reaction in vivo is controlled not only
by 70-HSDH but also by other factors, including the
recycling efficiency of its cofactor, NAD"/NADH. These
points remain to be clarified in future experiments.

In terms of the regulation of 70-HSDH activity, the
results in Fig. 2 clearly demonstrate that 7a-HSDH activity
in the three strains was not inducible by CA; instead, it was
regulated in a growth phase-dependent manner. These
results agree with previous data showing that 7o-HSDH
activity was not substrate-inducible in B. fragilis (Macdo-
nald et al., 1975) or E. coli (Prabha et al., 1989), even though
the bacteria used were different at the strain level in each
experiment. Similar results were also obtained for C. scin-
dens (Baron et al., 1991). In contrast, 7a-HSDH activity in
B. thetaiotaomicron has been reported to be CA-inducible
(Hylemon & Sherrod, 1975). Likewise, 7o.-HSDH activity in
Clostridium absonum, a soil bacterium, is inducible by CA
(Macdonald & Roach, 1981). These results indicate that the
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induction of 70-HSDH activity is species-specific. Growth
phase-dependent increases in 7o-HSDH activity have been
observed in several bacteria, including B. thetaiotaomicron
(Hylemon & Sherrod, 1975) and B. fragilis ATCC25285
(=JCM11019%) (Bennett et al., 2003), and B. intestinalis
AM-1 showed the same regulatory features. Thus, our
results confirm the importance of growth phase dependence
in the regulation of 7u-HSDH expression. Microarray
analysis (Weber et al., 2005) showed that hdhA, which
encodes 7¢-HSDH in E. coli, is under the control of the
stationary phase alternative sigma factor 6°, which is in
agreement with our observation that 7a-HSDH activity in
E. coli HB101 is upregulated at the stationary phase (Fig. 2).
The mechanism(s) underlying the growth phase-dependent
expression detected in the two Bacteroides strains used in
this study remains to be elucidated. Considering the gut
environment, this mode of regulation for 70-HSDH activity
seems reasonable because intestinal bacteria are continually
exposed to bile acids at the stationary phase due to long
retention times and/or their concentrated status.

The physiological importance of the 7a-HSDH-catalyzed
reaction in intestinal bacteria is unclear. Although the
reaction is reversible, it proceeded with a conversion yield
exceeding 80% in the two Bacteroides strains, suggesting that
bile acid oxidation progressed preferentially under our
experimental conditions (Fig. 1b). The oxidation of primary
bile acids by 70-HSDH generates a reducing equivalent,
NADH, and the production of NADH under anaerobic
conditions is generally considered unfavorable unless reox-
idation to produce NAD™ occurs. In fact, elevated conver-
sion activity of CA to 7-oxo-DCA has been observed when
potential electron acceptors (fumarate or menadione) are
added to whole-cell suspensions of B. thetaiotaomicron
under anaerobic conditions, suggesting anaerobic respira-
tion leading to energy generation (Sherrod & Hylemon,
1977; Ridlon et al., 2006). Because the gut environment is
very complex, an extracellular supply of potential electron
acceptors from other bacteria and/or host-derived materials
may exist. Detailed investigations into whether 7a-HSDH
activity is linked to anaerobic energy generation will help
clarify the physiological meaning of bile acid oxidation in
intestinal bacteria.

The amounts of 7-oxo-DCA and 7-oxo-LCA in the hu-
man colon are estimated to be low compared with other
secondary bile acids such as DCA and LCA (Hamilton et al.,
2007), despite the broad distribution of 7a-HSDH activity
in intestinal bacteria (Ridlon et al., 2006). This may be
related to the fact that 7a-HSDH competes for its substrates,
CA and CDCA, with 7a-dehydroxylation reactions leading
to the formation of DCA and LCA. The 7a-dehydroxylation
reaction is irreversible and appears to be favored over the
reaction catalyzed by 7a-HSDH in the intestine because the
former is a net two-electron reduction process, as shown in
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C. scindens VPI12708 (Ridlon et al., 2006). Moreover, the
resulting 7-oxo-derivatives are further metabolized by other
intestinal bacteria having 73-HSDH to their 73-OH deriva-
tives such as ursodeoxycholic acid or 7-epi-cholic acid
(Macdonald et al., 1983; Masuda et al., 1983; Ridlon et al.,
2006). Additional studies on bile acid conversion by each
intestinal bacterium are required to clarify bile acid inter-
conversion in the gut environment as a whole.
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