Check for
updates

Comprehensive evaluation of the bactericidal activities
of free bile acids in the large intestine of humans

and rodents

Masamichi Watanabe, Satoru Fukiya, and Atsushi Yokota'

Laboratory of Microbial Physiology, Research Faculty of Agriculture, Hokkaido University, Sapporo,

Hokkaido 060-8589, Japan

Abstract In addition to functioning as detergents that aid
digestion of dietary lipids in the intestine, some bile acids
have been shown to exhibit antimicrobial activity. However,
detailed information on the bactericidal activities of the di-
verse molecular species of bile acid in humans and rodents
is largely unknown. Here, we investigated the toxicity of 14
typical human and rodent free bile acids (FBAs) by monitor-
ing intracellular pH, membrane integrity, and viability of a
human intestinal bacterium, Bzﬁdobactenum breve Japan Col-
lection of Microorganisms (JCM) 1192 upon exposure to
these FBAs. Of all FBAs evaluated, deoxychohc acid (DCA)
and chenodeoxycholic acid displayed the highest toxicities.
Nine FBAs common to humans and rodents demonstrated
that o-hydroxy-type bile acids are more toxic than their oxo-
derivatives and B-hydroxy-type epimers. In five rodent-
specific FBAs, 3-muricholic acid and hyodeoxycholic acid
showed comparable toxicities at a level close to DCA. Similar
trends were observed for the membrane-damaging effects
and bactericidal activities to Blautia coccozdesJCM 1395" and
Bacteroides thetaiotaomicron DSM 2079", commonly repre-
sented in the human and rodent gut microbiota.lll These
findings will help us to determine the fundamental proper-
ties of FBAs and better understand the role of FBAs in the
regulation of gut microbiota composition.—Watanabe, M.,
S. Fukiya, and A. Yokota. Comprehensive evaluation of the
bactericidal activities of free bile acids in the large intestine
of humans and rodents. J. Lipid Res. 2017. 58: 1143-1152.
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Bile salts, which are glycine or taurine conjugates of free
bile acids (FBAs), play an essential role as detergents in the
emulsification of dietary fats and nutrients to facilitate their
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digestion and absorption. In humans, the primary bile acids,
cholic acid (CA) and chenodeoxycholic acid (CDCA) (Table
1), are synthesized from cholesterol in the liver as conjugates
and secreted into the duodenum through the bile duct (1).
During intestinal transit, the majority of bile acids are decon-
jugated into FBAs by the bile salt hydrolase activity of many
intestinal bacteria and are further modified by the indige-
nous gut microbes to produce secondary bile acids, such as
deoxycholic acid (DCA), lithocholic acid (LCA), and oxo-
and B-hydroxy-type bile acids (2) (Table 1). In mice and rats,
in addition to CA and CDCA, there are two primary bile acids
that are not present in humans, namely, a-muricholic acid
(MCA) and B-MCA. These bile acids are also transformed
into rodent secondary bile acids by the indigenous intestinal
microbes: »-MCA from 3-MCA (3) and hyodeoxycholic acid
(HDCA) from a-MCA, B-MCA, A-MCA, and o-MCA (4).

In addition to digestive functions, some FBAs exhibit
growth inhibition/bactericidal activities. Although these
functions have been known since early in the last century
(5), few FBAs have been investigated in detail, including
the growth inhibition properties of CA, DCA, and 7-oxo-
DCA against Staphylococcus aureus (5) and the bactericidal
activities of CA, DCA, and CDCA on several intestinal bac-
terial strains (6) and many lactobacilli and bifidobacteria
(7). Recently, a growth inhibition assay for 3B-DCA was
conducted against selected intestinal microbes (8). In
terms of rodent-specific FBAs, their bactericidal activities
have not been investigated, with the exception of one re-
port on the inhibition of spore germination and vegetative
cell growth of Clostridium difficile by -, B-, and o-MCAs (9).

Recently, we discovered using CA-feeding experiments
that bile acids are host factors that regulate the cecal

Abbreviations: CA, cholic acid; CDCA, chenodeoxycholic acid;
cFDASE, carboxyfluorescein diacetate succinimidyl ester; cFSE, carboxy-
fluorescein succinimidyl ester; DCA, deoxycholic acid; FBA, free bile
acid; GAM, Gifu anaerobic medium; HDCA, hyodeoxycholic acid; HFD,
high-fat diet; JCM, Japan Collection of Microorganisms; LCA, litho-
cholic acid; MCA, muricholic acid; 3-oxo-12a, 3-oxo-12a-hydroxy-583-
cholanoic acid; UCA, ursocholic acid; UDCA, ursodeoxycholic acid;
UPLC, ultra-performance LC.
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TABLE 1.

Structures, ApH-dissipating concentrations,

and UPLC retention factors of the FBAs evaluated

Name R, R, R R,  Type* "-“E’r‘: l\‘;i)is- K

3a, 70,1 2a-trihydroxy-5B-cholan-24-oic acid (Cholic acid; CA) aOH H oOH  oOH  common 4.0~6.0 17.82 +0.08
3, 7o-dihydroxy-5B-cholan-24-oic acid (Chenodeoxycholic acid; CDCA) aOH H oOH H common 0.6 29.37+0.12
3o, 1 2a-dihydroxy-5B-cholan-24-oic acid (Deoxycholic acid; DCA) aOH H H aOH common 0.6 30.58 £ 0.11
3a,7B,120-trihydroxy-5p-cholan-24-oic acid (Ursocholic acid; UCA) aOH H BOH «OH common >3.0° 3.82+0.04
3, 7B-dihydroxy-5B-cholan-24-oic acid (Ursodeoxycholic acid; UDCA) oOH H BOH H common >2.0° 16.46 £0.10
3, 120-dihydroxy-7-oxo0-5B-cholan-24-oic acid (7-oxo-deoxycholic acid; 7-ox0-DCA) aOH H =0 oOH  common >10¢ 8.37+0.10
3o-hydroxy-7-ox0-5B-cholan-24-oic acid (7-oxo-lithocholic acid; 7-oxo-LCA) aOH H =0 H common >1.5¢ 21.37+0.10
3a-hydroxy-12-ox0-5-cholan-24-oic acid (12-oxo-lithocholic acid; 12-0x0-LCA) aOH H H =0 common 4.0 22.52+0.08
3-ox0-12a-hydroxy-5p-cholan-24-oic acid (3-oxo-12a) =0 H H aOH common 2.0 28.72 £0.07
3a,6P,7a-trihydroxy-3B-cholan-24-oic acid (c.-muricholic acid; a-MCA) oOH BOH «OH H rodent ~6.0 6.43+0.07
3a,6B,7p-trihydroxy-5B-cholan-24-oic acid (B-muricholic acid; B-MCA) oOH BOH BOH H rodent ~2.5 7.15+£0.07
3a,60,7P-trihydroxy-5B-cholan-24-oic acid (w-muricholic acid; ©-MCA) aOH oOH BOH H rodent ~6.0 5.63+0.08
3a,6a,7o-trihydroxy-53-cholan-24-oic acid (A-muricholic acid; A-MCA) aOH oOH oOH H rodent 3.0 12,73 £ 0.09
3a,60-dihydroxy-5B-cholan-24-oic acid (Hyodeoxycholic acid; HDCA) aOH oOH H H rodent 2.0 18.39 +0.08

“The bile acids present in both humans and rodents were termed “common,” whereas those present only in rodents were termed “rodent” in this

study.

" ApH-dissipating (Diss.) concentrations of FBAs were determined in B. breve JCM 11927 and are indicated in millimoles. The presented data are

representative of at least two different experiments that gave similar results.

“When addition of the FBA showed no further effect on the internal pH, its highest ApH-decreasing concentrations are shown within the range
of its maximum solubility in cell suspension. In the cases of UDCA and 7-oxo-LCA, precipitation occurred during the measurements.

“UPLC retention factor. Results are shown as mean + SD (n=3).

microbiota composition in rats (10). The CA feeding in-
duced a dramatic decrease in the Bacteroidetes/Firmicutes
ratio, which is similar to gut microbiota alterations on a
high-fat diet (HFD) in a mouse model (11). As increased
intestinal bile acid flow occurs in response to the adminis-
tration of a HFD, bile acids with strong antimicrobial activ-
ity may exert selective pressure to alter the gut microbiota
composition in response to a HFD, which we have termed
the bile acid hypothesis (11). In sharp contrast, it has
been reported that low bile acid input into the gut in pa-
tients with cirrhosis resulted in increased Bacteroidetes/
Firmicutes ratio (12, 13). Therefore, to evaluate the con-
tribution of each FBA to alteration of the gut microbiota
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composition in both humans and rodents, a detailed char-
acterization of the bactericidal activities of the diverse FBA
molecules found in humans and rodents is required.
Previously, in many lactobacilli and bifidobacteria, we eval-
uated the membrane-damaging effects of FBAs, such as CA
and DCA, as a growth inhibition mechanism (7). In that
study, the bactericidal activity of DCA, which contains two hy-
droxy groups, was approximately 10-fold higher than that of
CA, which contains three hydroxy groups. These results sug-
gest that the bactericidal activity of FBAs is associated with
their hydrophobicity, which increases the affinity of FBA mol-
ecules to the phospholipid bilayer of the bacterial cell
membrane, where they exert their membrane-damaging



activities. However, the bactericidal activities of other FBAs
such as oxo- and B-hydroxy-type bile acids in humans and
rodents, as well as their correlation with the hydrophobicities
of FBA molecules, are still largely unknown. Particularly, de-
tailed information on the bactericidal activities of rodent
MCAs is scarce. This is partly due to the high cost of the MCA
reagents [approximately $300 (US) per 10 mg], which pre-
vents us from conducting growth experiments using differ-
ent concentrations of MCAs and limits the number of target
bacteria for evaluating their bactericidal activities in detail.

We previously established an efficient method to evalu-
ate the membrane-damaging effects of FBAs, based on
monitoring the transmembrane proton gradient (ApH, al-
kaline interior) via measurement of the intracellular pH
using a fluorescence method and Bifidobacterium breve Ja-
pan Collection of Microorganisms (JCM) 1192" (7). This
strain was selected from many bifidobacteria and lacto-
bacilli because of its rapid and reproducible generation of
a ApH in response to energization by glucose. This method
allowed precise estimation of the toxic concentration
ranges of the FBAs in a small-scale experiment. Thus, in
this study, we first predicted the membrane-damaging ef-
fects of 14 human and rodent FBAs in B. breve JCM 1192"
cells using this method. Thereafter, we conducted a
comprehensive study on the toxicity of these FBAs using
several intestinal bacteria including B. breve JCM 1192".

Although the molecular species of bile acids in vertebrates
are numerous and complex (14), conjugated bile acids do
not exist in the large intestine due to the bile salt hydrolase
activity of gut microbes (15). Thus, we excluded the conju-
gated bile acids from our evaluation and concentrated only
on the FBAs. The 14 FBAs evaluated in this study comprise
~75% and ~95% of the bile acid pool in the large intestines
of humans and rodents, respectively, which are good repre-
sentations of the molecular species found in the large intes-
tine (2, 16). Based on the appropriate concentration ranges
determined, we then monitored the membrane-damaging
effects and bactericidal activities of B. breveJCM 1 192" by fluo-
rescence measurements and plate-out methods, respectively.

B. breve is an actinobacterium abundant in breastfed in-
fants and a minority species in the gut microbiota of adult
humans (17). Meanwhile, in adult humans and rodents,
members of the phyla, Firmicutes and Bacteroidetes, ac-
count for more than 90% of fecal bacteria (18, 19). Thus,
we also evaluated two additional strains, Blautia coccoides
JCM 1395" of Firmicutes and Bacleroides thetaiotaomicron
DSM 2079" of Bacteroidetes, as typical bacterial species
among the human and rodent gut microbiota (20-23). Al-
though B. coccoides JCM 1395" and B. thetaiotaomicron DSM
2079 were isolated from mice and humans, respectively,
these species are common in both human and rodent in-
testines; thus, it is reasonable to employ these bacterial
strains in comprehensive studies of FBA toxicities.

MATERIALS AND METHODS

Chemicals

Sodium cholate (CA), sodium deoxycholate (DCA), and CDCA
were purchased from Sigma-Aldrich (St. Louis, MO). Sodium

ursodeoxycholate [ursodeoxycholic acid (UDCA)] and 7-oxo-
LCA were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Ursocholic acid (UCA) was purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX). a-MCA, B-MCA,
w-MCA, N-MCA, HDCA, 7-oxo0-DCA, 12-ox0-L.CA, and 3-oxo-12a-
hydroxy-5p-cholanoic acid (3-oxo-12a) were purchased from
Steraloids, Inc. (Newport, RI). Fluorescent dye 5(6)-carboxyfluo-
rescein diacetate succinimidyl ester (cFDASE) was purchased
from Thermo Fisher Scientific Inc. (Waltham, MA). The chemi-
cal structures of the bile acids are shown in Table 1. FBAs com-
monly found in both humans and rodents are classified as
common FBAs (CA, UCA, UDCA, DCA, CDCA, 7-oxo-DCA, 7-oxo-
LCA, 12-ox0-LLCA, and 3-oxo-12a), while those specific to rodents
are termed rodent FBAs (a-MCA, B-MCA, o-MCA, \-MCA, and
HDCA) (Table 1).

Bacterial strains and culture conditions

B. breve JCM 1192" and B. coccoides JCM 1395 were obtained
from the JCM (Tsukuba, Ibaraki, Japan). B. thetaiotaomicron DSM
2079" was obtained from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany). B. breve
JcM 11927 was grown in halfstrength (1/2) MRS medium (Becton,
Dickinson and Co., Franklin Lakes, NJ) containing 0.025% L-cys-
teine hydrochloride at 37°C under anaerobic conditions (mixed
gas, No:COg:Hy = 8:1:1). B. coccoides JCM 13895" and B. thetaiotaomicron
DSM 2079" were grown in Gifu anaerobic medium (GAM; Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) containing 0.1 M MOPS
buffer at 37°C under anaerobic conditions.

Intracellular pH measurement

We previously demonstrated that the primary mechanism un-
derlying the bactericidal activity of FBAs is membrane damage to
bacterial cells (7). During that study, we established a method of
intracellular pH measurement using fluorescent probe to evalu-
ate the membrane-damaging effects of FBAs. Using this method,
we can monitor the buildup of the ApH after energizing the bac-
terial cells with glucose. Next, the FBAs were exogenously added
to the cell suspension. This resulted in a reduction in the internal
pH, and at a certain cumulative FBA concentration, the internal
pH became equal to the external pH, resulting in dissipation of
the ApH. Under these conditions, not only protons, but also other
intracellular ions and metabolites, leaked out across the damaged
cell membrane, suggesting that measurement of the ApH is an
efficient method to evaluate membrane barrier function after ex-
posure to FBAs. Therefore, determination of the FBA concentra-
tion resulting in dissipation of the ApH was applied here to
predict the concentration range of FBA toxicit¥ in B. breve cells.

The internal pH of the B. breve JCM 1192° strain was moni-
tored using the internally conjugated fluorescent pH probe
5(6)-carboxyfluorescein succinimidyl ester (cFSE) according to a
previously described method (7). The cells were grown to mid-
exponential phase and then washed twice with 50 mM potassium
phosphate buffer (pH 6.5) containing 1 mM MgSO, and 0.1 U/ml
horseradish peroxidase (buffer 1). The cells were resuspended in
150 mM potassium phosphate buffer (pH 6.5) containing 1 mM
MgSO, and 1.0 U/ml horseradish peroxidase (buffer 2) to an
ODggy of ~0.5. The precursor probe, cFDASE, was added to the
bacterial cell suspension to a final concentration of 4 uM at 37°C
for 30 min. After centrifugation, the cells were resuspended in
buffer 2 and incubated in the presence of 10 mM glucose at 37°C
for 30 min to eliminate unbound probe. The mixtures were
washed twice with buffer 2, resuspended in the same buffer to an
ODyy of 0.5, dispensed into cuvettes, and stirred and maintained at
37°C using the cuvette holder of the LS50B fluorimeter (Perkin-
Elmer, Waltham, MA). The internal pH of the bacteria was deter-
mined by measuring the fluorescence intensities of the cell
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suspension with excitation and emission wavelengths of 490 and
520 nm, respectively (slit widths of 2.5 nm). The cells were ener-
gized by adding glucose (10 mM final concentration) to generate
the ApH. Then, FBAs were added as described in Fig. 1. Dissipa-
tion of the ApH was confirmed by the observation that no further
effect on the internal pH of JCM 1192" was detected after adding
20 nM valinomycin and 200 nM nigericin, which dissipate trans-
membrane electrical potential (AW) and ApH, respectively. During
premeasurement preparations and throughout the internal pH
measurements in the cuvette, an anaerobic atmosphere was main-
tained using mixed gas as described in our previous report (7).

Measurement of membrane integrity upon exposure
to FBAs

We investigated the membrane integrity of B. breve JCM 11927,
B. coccoides JCM 1395T, and B. thetaiotaomicron DSM 2079" in the
presence of FBAs using a fluorescence method based on the
membrane permeability of dead cells, as reported previously (7).
This method can be used to detect the ratio of cells with intact
membranes in the population. JCM 11927 cells were cultured un-
til mid-exponential phase in 1/2 MRS medium containing 0.025%
L-cysteine hydrochloride at 37°C under anaerobic conditions.
JCM 1395" and DSM 2079" cells were cultured in GAM containing
0.1 M MOPS buffer at 37°C under anaerobic conditions. Then,
bacterial cells were washed with buffer 2 and resuspended in the
same buffer to an ODgg 0f 0.3. The JCM 11927 cell suspension was
incubated at 37°C in the presence of 10 mM glucose and each bile
acid at various concentrations for 3 h. The JCM 1395 and DSM

2079" cell suspensions were incubated at 37°C in the presence of
10 mM glucose and each bile acid at the concentrations determined
in JCM 1192" cells to cause viability loss in an anaerobic chamber
for 3 h. After incubation, the cells were subsequently incubated
with a fluorescent dye mixture (component A plus component B)
of the LIVE/DEAD Baclight bacterial viability kit (Thermo Fisher
Scientific) according to the manufacture’s recommendations for
15 min at 37°C. The cell suspensions were excited by 480 nm
light, and the emission spectra between 490 and 700 nm were
measured using an LS50B fluorimeter with both the excitation
and emission slits set at 3.0 nm. Calibration was based on 100%
live (no treatment) and 100% dead (treated with 100% isopropanol
for 1 h) cells. The ratio of the integrated intensity of the portion
of each spectrum between 500 and 530 nm (green) to that be-
tween 620 and 650 nm (red) was calculated. To obtain a calibration
curve, the ratio of integrated green/red fluorescence was plotted
against the known percentage of live cells in the standard cell sus-
pensions (10, 50, and 90% live cell suspensions, prepared using
100% live and 100% dead cells). The membrane integrities (per-
cent) were calculated based on those of the untreated cell suspen-
sion (no exposure to bile acid, but incubated for 3 h) as 100%.

Measurement of viability upon exposure to FBAs

Changes in the viability of B. breve JCM 1192" were measured
according to the pour-plate method, as described previously (7).
Changes in the viability of B. coccoides JCM 1395 and B. thetaiotao-
micron DSM 2079" were measured according to the spread-plate
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Fig. 1. Effects of FBAs on the intracellular pH of B. breve JCM 1192". Internal pH measurements were conducted by fluorescence measure-
ment of cFSE. Cells were energized by 10 mM glucose (indicated as “Glc”) in buffer 2 (pH 6.5) to generate the ApH. The respective FBAs
were then added at the indicated final concentrations. The bile acids evaluated are listed in Table 1. Precipitation of bile acids was observed
using 7-oxo-LCA and UDCA, which prevented complete dissipation of the ApH. Valinomycin (Val, 20 nM) and nigericin (Nig, 200 nM) were
added to completely dissipate the residual AW and ApH, respectively. The data are representative of at least two experiments that yielded

similar results.
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method. Cell suspensions were prepared and treated with FBAs
under the same conditions as those used for the determination of
membrane integrity. After treatment, dilutions of the cell suspen-
sions were made using sterile 0.85% NaCl solution; JCM 11927
cells of the appropriate dilution were plated onto 1/2 MRS agar
plates containing 0.025% L-cysteine hydrochloride, and JCM
1395" and DSM 2079" cells of the appropriate dilutions were
plated onto GAM agar plates. The plates were incubated for
2 days at 37°C under anaerobic conditions using AnaeroPack
(Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan). Colonies were
counted and the viabilities (percent) calculated based on the un-
treated cell suspension (no exposure to bile acid, but incubated
for 3 h) viability of 100%.

Estimation of FBA hydrophobicity

Previous reports have suggested that the hydrophobicity or hy-
drophobic-hydrophilic balance of a bile acid molecule can be
evaluated indirectly by the retention factor (k') (defined below),
determined by C,g reverse-phase HPLC analysis (24, 25). Thus,
this method was applied in this study to quantitatively estimate the
hydrophobicity of each FBA using an ultra-performance (UP)
LC/ESI-MS system (Waters Corporation, Milford, MA) (15). The
retention factor (k”) was calculated from the peak retention times
according to Armstrong and Carey (24): K" = (t, — t)) /ty, where t,
is the retention time of the solvent front, and t, is the retention
time of the bile acid elution.

Statistics

The mean + SD was calculated for each retention factor (k).
Double logarithmic linear regression analyses were performed by
the least squares method to determine the correlation between
the retention factor (k’) and the FBA concentration that caused
remarkable viability loss, with a viability <20% of that of the un-
treated cells.

RESULTS

Effect of FBAs on the ApH in B. breve JCM 1192"

Our previous study showed that DCA and CDCA dissi-
pated the ApH of JCM 1192" at concentrations ~10-fold
lower than the necessary concentration of CA, indicating
10-fold greater membrane-damaging activity for DCA and
CDCA compared with CA (7). In this study, the membrane-
damaging activities of various common and rodent FBAs
(Table 1), including DCA, CDCA, and CA, were monitored
by the same method. Following the build-up of the ApH
in cells energized using glucose, the stepwise reduction
of internal pH occurred in response to the addition of all
FBAs except UCA (Fig. 1). Almost complete dissipation of
the ApH was observed at the following bile acid concentra-
tions for 10 of the 14 FBAs: DCA (0.6 mM), CDCA (0.6 mM),
HDCA (2.0 mM), 3-oxo0-12a (2.0 mM), B-MCA (~2.5 mM),
AMMCA (3.0 mM), 12-oxo-LCA (4.0 mM), CA (4.0-6.0
mM), a-MCA (~6.0 mM), and w-MCA (~6.0 mM) (Fig. 1,
Table 1). On the other hand, the ApH was not completely
dissipated by the remaining FBAs (Fig. 1, Table 1). Precipi-
tation occurred in the cell suspensions when 7-oxo-LCA or
UDCA was added above the concentrations indicated in
Table 1. In the cases of 7-oxo-DCA and UCA, they were
soluble, but showed weak ApH-dissipating activities within
the concentration ranges used in the experiments.

Judging from the overall pattern of the decrease in the
internal pH in response to the FBAs (Fig. 1), DCA and
CDCA, which are already recognized as highly bactericidal
bile acids, displayed the highest toxicities of the FBAs.
Among the other FBAs, HDCA, 3-oxo-12a, B-MCA, 7-oxo-
LCA, A-MCA, 12-oxo0-LCA, and UDCA displayed toxicities
intermediate to those of DCA/CDCA and CA, whereas
a-MCA and w-MCA showed toxicity similar to that of CA.
The 7-ox0-DCA and UCA displayed weaker toxicity than that
of CA. Oxo-type FBAs, 7-0x0-DCA, 3-0x0-12a, 12-0x0-LCA,
and 7-oxo-LCA, showed weaker ApH-dissipating activities
than those induced by their corresponding a-hydroxyl-type
FBAs, CA (corresponding oxo-type FBA: 7-oxo-DCA), DCA
(8-0x0-12a, 12-0x0-LCA), and CDCA (7-oxo-LCA) (Fig. 1).
Among the 7B-hydroxy-type FBAs, UCA and UDCA, which
are common to humans and rodents, showed lower ApH-
dissipating activities than did their 7o-hydroxy epimer
FBAs, CA and CDCA, respectively.

Effect of FBAs on the cell membrane integrity and
viability of B. breve JCM 1192 B. coccotdesJCM 1395
and B. thetaiotaomicron DSM 207

First, based on estimation of the toxicity of each FBA
by intracellular pH measurements, we investigated the
membrane integrity and viability of JCM 1 192" upon expo-
sure to FBAs (Table 2). Severe membrane damage and vi-
ability loss were observed with 12 of the 14 FBAs at their
ApH-dissipating concentrations (DCA, 0.6 mM; CDCA,
0.6 mM; B-MCA, 1.0 mM; HDCA, 1.0 mM; 3-oxo-12a,
1.0 mM; A-MCA, 3.0 mM; 12-ox0-LCA, 2.0 mM; CA, 6.0-
8.0 mM; a-MCA, 2.0 mM; and o-MCA, 4.0 mM) or at their
maximum soluble concentrations, at which substantial dis-
sipation of the ApH was observed (7-oxo-LCA, 1.5 mM;
UDCA, 2 mM). In contrast, 7-oxo-DCA and UCA, which
slightly reduced the internal pH (Fig. 1), exhibited no
substantial membrane-damaging effect or viability loss at
the indicated concentrations, except for a moderate reduc-
tion in viability (~50%) observed in the case of 10 mM
7-0x0-DCA treatment (Table 2). The overall results strongly
confirm the link between the predicted membrane-
damaging effect of each FBA (Fig. 1, Table 1) and the
actual membrane-damaging effect leading to cell death
(Table 2). In addition, the observed coordinated reduc-
tions in both membrane integrity and viable cell count
led us to conclude that the mechanism underlying the
bactericidal activity of FBAs in humans and rodents can
generally be extended to their damaging effect on bacte-
rial cell membranes, as reported previously for CA and
DCA (7).

To demonstrate the bactericidal activities of human and
rodent FBAs toward bacteria belonging to the Firmicutes
and Bacteroidetes phyla, we investigated the membrane in-
tegrity and viability of B. coccoides JCM 1395" and B. thetaio-
taomicron DSM 2079 after exposure to rodent FBAs, as well
as CA and DCA, at the viability loss-inducing concentra-
tions determined for B. breve JCM 1192". The 7-oxo-DCA
and UCA were used as negative controls. Similar trends
were observed for the toxicities of these FBAs to JCM 1395"
and DSM 2079" (Table 2); DCA, HDCA, B-MCA, CA,
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TABLE 2. Membrane integrity and viability of B. breve JCM 1192", B. coccoides JCM 1395", and B. thetaiotaomicron
DSM 2079" upon exposure to FBAs

B. breveJCM 1192"

B. coccoides JCM 1395"

B. thetaiotaomicron DSM 2079"

Membrane Membrane Membrane

FBA (mM) Integrity (%) " Viability (%)“ Integrity (%)“ Viability (%) Integrity (%)“ Viability (%)“
DCA

0.1 100.00 96.60 96.86 100.00 87.67 99.87

0.2 87.75 81.84 74.20 63.00 32.00 11.07

0.4 66.14 31.24 - — — —

0.6 4.07 0.29 0 0.02 5.40 0

0.8 6.72 1.15x107° — — — —
CDCA

0.01 97.60 100.00 — — — —

0.6 4.33 0.02 — — — —

1.2 7.50 0 — — — —
HDCA

0.1 81.00 100.00 85.75 100.00 100.00 100.00

1 0.47 0.54 1.15 0 18.10 4.96x 10"

2 0 1.45x 107" — — — —
3-ox0-12a

0.1 86.49 81.10 — — — —

1 40.00 1.34 — — — —

2 3.35 0.01 — — — —
B-MCA

0.1 82.43 92.03 90.76 95.01 — —

0.5 93.77 71.58 — — — —

1 57.44 1.40 63.19 3.26 100.00 46.66

2 — — — 18.30 1.86 x 107°
7-ox0-LLCA

1.5 11.78 3.44 — — — —
AM-MCA

0.1 98.25 98.74 — — — —

1 53.77 35.17 — — — —

3 28.66 7.07 — — — —
12-ox0-LCA

0.2 100.00 100.00 — — — —

2 41.05 2.19 — — — —

4 0.18 0.04 — — — —
UDCA

0.1 100.00 72.18 — — — —

1 96.57 39.41 — — — —

2 15.42 0.19 — — — —
CA

0.1 100.00 100.00 94.96 100.00 — —

1 92.27 91.65 87.14 70.75 100.00 71.68

2 63.60 53.80 15.00 0.75 100.00 73.06

4 43.46 26.55 — — — —

6 23.59 18.22 15.40 0 6.20 0

8 9.62 6.20 — — — —

10 4.52 0.84 — — — —
a-MCA

0.1 80.54 100.00 100.00 100.00 — —

1 41.37 39.45 — — — —

2 16.70 2.25 22.93 4.72 100.00 56.73

4 — — — — 62.65 0.49
o-MCA

1 100.00 100.00 39.18 46.65 84.13 98.77

2 75.73 75.25 — — — —

4 14.81 1.12 2.02 3.71 35.40 0.33
7-oxo0-DCA

3 — — 85.91 59.63 100.00 91.85

5 — — 85.79 25.00 100.00 98.54

10 100.00 52.72 — — — —
UCA

3 93.53 90.57 99.00 69.92 100.00 92.04

“Membrane integrity and viability of B. breve JCM 11927, B. coccoides JCM 1395, and B. thetaiotaomicron
DSM 2079 cells were monitored by fluorescence measurements and the plate-out method, respectively. The cell
suspensions were incubated with each FBA on a small scale (2.3 or 4.5 ml) due to the limited availability of FBAs such
as MCA and UCA. The treated cells were used to measure both membrane integrity and viability. Data are the means
of two independent experiments that yielded similar results.

Not determined.
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a-MCA, and w-MCA showed decreasing membrane integ-
rity and viability at concentrations similar to those inducing
loss of viability. In contrast, treatment with 7-oxo-DCA and
UCA caused no serious membrane damage or viability loss
at 3 mM. These results suggest that the bactericidal activi-
ties determined against B. breve JCM 1192" could be gener-
alized to other bacterial species commonly represented in
the human and rodent gut microbiota.

Correlation between the hydrophobicities and bactericidal
activities of FBAs

To estimate the hydrophobicity of each FBA molecule,
UPLC/MS analysis was performed (Fig. 2). The retentions
(mobility_l) of the common FBAs on the reverse-phase
UPLC column followed the rank order UCA < 7-oxo-DCA
< UDCA < CA < 7-0x0-LCA < 12-ox0-L.CA < 3-0x0-12a <
CDCA < DCA. The calculated specific retention factors (k)
varied from 3.82 + 0.04 for UCA (most mobile) to 30.58 +
0.11 for DCA (least mobile) (Table 1). Double logarithmic
plots of k” versus the viability loss-inducing concentrations
(FBA concentration that reduced viability to <20% of that
of the untreated cells under the experimental conditions)
for the common FBAs revealed a significant inverse corre-
lation (r2 = 0.67, P < 0.05) (Fig. 3). In other words, the
lower the viability loss-inducing concentration of the bile
acid (higher bactericidal activity), the longer it was retained
on the UPLC column (more hydrophobic). These results
suggest that the bactericidal activity of an FBA molecule is
related to its hydrophobicity.

For the rodent FBAs, the rank order of UPLC retention
was w-MCA < a-MCA < 3-MCA < A-MCA < HDCA (Fig. 2),
with k” ranging from 5.63 + 0.08 for w-MCA to 18.39 + 0.08
for HDCA (Table 1). In contrast to the common FBAs,
rodent FBAs did not exhibit a correlation between k’
and bactericidal activity (data not shown). For example,
while B-MCA exhibited very low hydrophobicity (Table 1,
Fig. 2), it displayed the potent bactericidal activity of the
14 FBAs evaluated. In addition, a-MCA showed relatively
strong bactericidal activity while showing a low hydro-
phobicity similar to that of 3-MCA (Table 1). These results

suggest that the bactericidal activity of a rodent FBA is
not related to its hydrophobicity, in contrast to the com-
mon FBAs.

DISCUSSION

To date, the growth inhibition/bactericidal activities of
only a few FBAs in humans and rodents have been re-
ported. Here, we investigated the toxicities of 14 FBA mol-
ecules in humans and rodents using typical intestinal
bacteria, B. breve JCM 1192T, B. coccoides JCM 1395T, and
B. thetaiotaomicron DSM 2079T, as indicator strains. To the
best of our knowledge, this is the first comprehensive study
of the bactericidal activities of FBAs toward gut microbes.
While B. breve, belonging to the phylum Actinobacteria, is
abundant in the intestines of breastfed infants and thus a
minor member of the gut microbiota in adult humans
(17), B. coccoides and B. thetaiotaomicron, belonging to the
Firmicutes and Bacteroidetes, respectively, are representa-
tive members of the gut microbiota in both adult humans
and rodents (20-23). Furthermore, bifidobacteria may be-
come major members of the gut microbiota if their growth
is boosted by appropriate prebiotics (e.g., raffinose) in
both adult humans (up to 37.2% of the total bacterial cells
after a 4 week administration) (17) and rodents (indige-
nous Bifidobacterium animalis was boosted up to 20.5% of
the total bacterial cells after a 3 week administration) (26).
Thus, the indicator strains from among the three phyla,
Actinobacteria, Firmicutes, and Bacteroidetes, are rational
representatives of the gut microbiota for a comprehensive
evaluation of the toxicity of FBAs found in humans and
rodents. Based on the results, these FBAs were classified
into four groups according to their bactericidal activities
(Fig. 4). These results may be extended to other bacterial
species belonging to these phyla and increase our under-
standing of the contribution of each FBA to the regulation
of the gut microbiota in humans and rodents.

It has been demonstrated, using B. breve JCM 11927 as
the indicator strain, that membrane damage is the primary
antimicrobial mechanism of FBAs such as CA, DCA, and

100+ 5 SIR
= oMCA aMCA MCA [Trihydroxy-type FBAS] 4.29¢6
-..8 ] \ / miz =
o Uw AMCA & 407.6, 377.6, 375.6
> 0 e e S NS . ; e
= 2.00 400 6.00 8.00 10.00 12,00 14.00 16.00 18.00 20.00 22.00 24'00 26.00
g DCA
o ' [Dihydroxy-type FBAs] UDCA HDCA Ghe e
T . 1.16e6
M m/z = 391.6
L,
-_; L apo  eb0 8O0 10.00 1200 1400 1600 1800 2000 22.00 2400 2600
(_U 100+ 7-ox0-LCA 3-0x0-120 SIR
(0] 7-0x0-DCA [Oxo-type FBAS] 12-0x0-LCA 1.26e6
0: 2] H‘ miz =

L \ \ 405.6, 389.6
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Fig. 2. Selected ion-recording (SIR) chromatograms for the FBA standard mixture solution obtained from UPLC/ESI-MS analysis. See
Table 1 for the abbreviated names of the FBAs. The standard mixture solution contains 50 wM of each FBA.
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12-0x0-LCA
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UDCA

[ ]
7-o0xo0-LCA
3-0x0-12a

Viability loss-inducing
concentration (mM)
®

0.5 , DCA
20 30

UPLC retention factor (k')

Fig. 3. Double logarithmic plots for the UPLC retention factors
versus the concentrations of FBAs common to humans and rodents
required for inducing loss of viability. See Table 1 for the abbrevi-
ated names of the FBAs. k’, UPLC retention factor.

CDCA (7). Here, we demonstrated that this mechanism
can be generalized to the other FBAs and bacteria used in
this study (Table 2). Intestinal bacteria develop various kinds
of resistance mechanisms to counteract membrane damage
induced by bile acid attack, which include exopolysaccharide
production (27), extrusion of bile acids by multidrug re-
sistance transporters (28, 29), membrane lipid alterations
(30), among others. However, these mechanisms are gen-
erally induced during “bile adaptation,” in which exponen-
tially growing cells are exposed to a sublethal concentration
of FBAs (31). In this study, we monitored bile acid toxicity
by direct attack of each FBA to exponentially growing cells
of the indicator strains, which we call “bile shock”. Thus,
our system seems to eliminate the effect of these resistance
mechanisms, and therefore the bactericidal activity of each

Viability loss-inducing concentration

0.6 mM 1.0~20mM 3.0~6.0mM <6.0 mM
| | | |
HDCA
3-0x0-12a
DCA MCA AMCA 7-0x0-DCA
CDCA 7-oxo-LCA oMCA UCA*
12-ox0-LCA CA
aMCA
UDCA

Bactericidal activity

Fig. 4. Classification of human and rodent FBAs according to
their bactericidal activities. See Table 1 for the abbreviated names of
the FBAs. “Viability loss-inducing concentration (mM)” was defined
as the FBA concentration that caused a reduction in viability to
<20% of that of the untreated cells. The asterisk indicates that the
bactericidal activities of UCA were not tested at concentrations
above 6 mM (Table 2), but were predicted to be above 6 mM from
their extremely high hydrophilicities (Table 1) and the decreasing
internal pH profiles (Fig. 1).
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FBA (Fig. 4) can be interpreted to reflect the direct interac-
tion of the FBA with the bacterial cell membrane.

In the common FBAs, our data support our previous hy-
pothesis that the bactericidal activity of an FBA molecule is
related to its hydrophobicity, using the 10-fold difference
observed in the bactericidal activities of CA and DCA as an
example (7). The steroid skeleton of a bile acid molecule
forms a hydrophilic side (a-face) and a hydrophobic side
(B-face), rendering the molecule a biplanar amphiphile.
The interaction of bile acid molecules with the lipid bilayer
domains of biological membranes can be explained by two
models. In the first model, the highly hydrophobic proton-
ated form of the FBA molecule can freely diffuse across the
lipid bilayer (32) (Fig. 5), while the dissociated FBA mol-
ecule with negative charge (polarity) cannot diffuse into
the membrane. In this context, we have previously demon-
strated that the energized bacterial cells accumulate FBA
inside the cells according to the membrane ApH (interior
alkaline) (33, 34). After being diffused into the cells, the
protonated FBA dissociates under alkaline conditions ac-
cording to the Henderson-Hasselbalch equation and the
dissociated FBA molecule is internalized due to its polarity.
This continues until concentrations of the protonated FBA
in both sides of the membrane become equal. In another
model, bile acid molecules sneak into the cell membrane
as face-to-face dimers, with the hydrophilic a-face on the
inside and the hydrophobic B-face on the outside (35)
(Fig. 5). We speculate that this may happen during diffu-
sion of the protonated FBAs across the cell membrane. In
either case, bile acids can damage bacterial cell membranes
at concentrations lower than their critical micelle concen-
trations, thus exhibiting bactericidal activity. According to

Fig. 5. Two models of the interaction between CA molecules and
the phospholipid bilayer in the bacterial cell membrane. The closed
ovals and open/closed circles represent the a-hydroxy groups and
carboxyl group in a CA molecule, respectively. The open circle cor-
responds to the protonated form, while closed circles correspond to
the dissociated form of the carboxyl group. The number of carbon
atoms is indicated. See text for description. IN, inside of the cell;
OUT, outside of the cell.



these models, the greater the hydrophobicity of the bile
acid molecule, the stronger the interaction between the
bile acid molecule and the biological membrane. This ex-
plains the positive correlation observed among common
FBAs between the hydrophobicity and bactericidal activity
of the FBA molecule (Fig. 3).

In contrast to the common FBAs, rodent FBAs did not
show these correlations, as the hydrophilic B-MCA showed
the toxicity at a level comparable to that of DCA (Table 2).
These results suggest that the bactericidal activities of rodent
FBAs may be determined not only by their hydrophobic
surface, but also by the hydrophilic surface of the mol-
ecules. The hydrophilic nature of rodent FBAs, such as a-
MCA (32,6B,7a), B-MCA (32,6B,7B), o-MCA (3a,60,783),
and HDCA, have been revealed in previous studies by reverse-
phase LC analyses (16). Comparison of the orientation of the
functional hydroxy groups and the hydrophilicities of the
FBAs revealed that the 6a-hydroxy group renders the FBA
molecules hydrophilic. HDCA (3a,6at) is more hydrophilic
than either CDCA (3a,12a) or DCA (3a,7a) (K" = 18.39 +
0.08 vs. 29.37 + 0.12 or 30.58 + 0.11, respectively) (Table 1,
Fig. 2) (16, 24). Also, the 7B-hydroxy group has been shown
to be intrinsically hydrophilic based on a comparison be-
tween CDCA (3a,7a) and its 7B-hydroxy epimer, UDCA
(30,7B) (K" =29.37 + 0.12 vs. 16.46 + 0.10, respectively)
(Table 1, Fig. 2) (16, 24). Our study showed that UCA
(3a,7B,12a) is far more hydrophilic than its 7o-hydroxy epi-
mer, CA (3a,7a,120) (K" =3.82+0.04 vs. 17.82 + 0.08, respec-
tively) (Table 1, Fig. 2). Model building (6o and 7p-hydroxy
groups) and X-ray diffraction analyses (6a-hydroxy groups)
demonstrated that the orientations of the 6a-and 7p-hydroxy
groups are equatorial to the plane of the steroid skeleton (24,
36). As the equatorial configuration in the hydroxy group at
seventh carbon atom favors interaction with water when mi-
celles are formed (37), the hydroxy group intrinsically ren-
ders the UCA and UDCA molecules more hydrophilic than
their respective 7a-hydroxy epimers, CA and CDCA. The
subtle variations in molecular structure strongly influence
the hydrophilicity. Thus, by the same token, 6o-trihydroxy
(AMCA), 7B-trihydroxy (B-MCA), and 6c,7B-trihydroxy
(0-MCA) rodent FBAs may also be highly hydrophilic
(Table 1, Fig. 2). Taking these into consideration, one possi-
ble explanation for the relatively high bactericidal activities
exhibited by rodent FBAs is that the highly hydrophilic
structure of rodent FBA molecules may facilitate forma-
tion of the face-to-face dimer more tightly than that in the
common FBAs due to the increased hydrophilicity of the a-
faces of the bile acid molecules that face each other. Further
study will be required to examine these speculations on the
structure-function relationship in rodent FBAs.

On the other hand, we must also consider the hydropho-
bicity estimation method-dependent nature of FBAs. It was
shown that the bile acid lipophilicities determined by the
l-octanol/water partition coefficient and reverse phase
HPLC differ (25), and thus, the more hydrophilic surfaces
of rodent FBA molecules may disturb their association with
the hydrocarbon stationary phase of the UPLC column,
which could have resulted in the faster retention time com-
pared with those of the other FBAs.

Based on the determined toxic concentration range
(Fig. 4), we evaluated the bactericidal activity of each FBA
in the intestine. According to previously reported fecal bile
acid concentrations in male DA/Slc rats (6 weeks old, n = 8)
on a normal diet for 7 weeks (16), the major bactericidal
FBA species detected and their concentrations (in micro-
moles per gram dry feces; roughly equal to millimoles) were
DCA (0.58 £ 0.14), B-MCA (0.60 = 0.17), HDCA (1.96 + 0.63),
and o-MCA (2.79 + 0.80). As these values seem to be within
the ranges of bactericidal activity exhibited by each FBA,
DCA, B-MCA, HDCA, and w-MCA may exert strong selec-
tive pressure in the determination of gut microbiota com-
position in vivo.

We conducted a comprehensive study of the bactericidal
activities of human and rodent FBAs. Among the common
FBAs, the bactericidal activities of a-hydroxy FBAs were
higher than those of their oxo-derivatives and (-epimers,
and their hydrophobicities, as determined by UPLC/ESI-MS,
correlated well with their bactericidal activities. In contrast,
the bactericidal activities of rodent FBAs did not correlate
with their hydrophobicities, and hydrophilic 3-MCA exhib-
ited fairly high bactericidal activity, similar to those of
known toxic FBAs, such as DCA and CDCA. These results
may add valuable information on the structure-function
relationship of FBAs that interact with the bacterial cell
membrane. Our results also suggest that the bacterial
populations in the rodent intestine may be controlled in
part by FBAs, particularly B-MCA, HDCA, w-MCA, and
DCA. These findings will help us gain a better understand-
ing of the role that FBAs play in controlling the gut micro-
biota composition, especially under HFD administration in
both humans and rodent models. Bl
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