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Feeding bile acids (BAs) to rodents has been used to study BA
signaling and toxicity in vivo. However, little is known about the
effect of feeding BAs on the concentrations of BAs in serum
and liver as well as the dose of the fed BAs that causes liver
toxicity. The present study was designed to investigate the relative
hepatotoxicity of individual BAs by feeding mice cholic acid (CA),
chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), litho-
cholic acid (LCA), or ursodeoxycholic acid (UDCA) at concen-
trations of 0.01, 0.03, 0.1, 0.3, 1.0, or 3% in their diet for 7 days. The
data demonstrate that (1) the ability of the fed BAs to produce
hepatotoxicity is UDCA<CA<CDCA<DCA<LCA; (2) the lowest
concentration of each BA in the feed that causes hepatotoxicity in
mice is CA and CDCA at 0.3%, DCA at 0.1%, and LCA at 0.03%;
(3) BA feeding results in a dose-dependent increase in the total
serum BA concentrations but had little effect on liver total BA
concentrations; (4) hepatotoxicity of the fed BAs does not simply
depend on the concentration or hydrophobicity of total BAs in the
liver; and (5) liver BA-conjugation enzymes are saturated by feeding
UDCA at concentrations higher than 0.3%. In conclusion, the
findings of the present study provide guidance for choosing the
feeding concentrations of BAs in mice and will aid in interpreting
BA hepatotoxicity as well as BA-mediated gene regulation.
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Bile acids (BAs) are synthesized from cholesterol in the liver
and further metabolized by bacteria in the intestine. In humans,
the primary BAs are cholic acid (CA) and chenodeoxycholic
acid (CDCA). However, in mice, CA, CDCA, o-muricholic
acid (aMCA), and B-muricholic acid (BMCA) are the primary
BAs (Chiang, 2002; Hofmann and Hagey, 2008). In liver, BAs
can undergo conjugation with taurine, glycine, sulfate, and
glucuronic acid as well as P450-mediated oxidations (Deo and
Bandiera, 2008). In intestine, bacterial enzymes are capable of
deconjugation, dehydroxylation, epimerization, and oxidation
of BAs. The two major secondary BAs, namely deoxycholic
acid (DCA) and lithocholic acid (LCA), are formed by 7-
dehydroxylation of CA and CDCA, respectively, by intestinal
bacteria. Ursodeoxycholic acid (UDCA) is a primary BA in

some mammals (e.g., bear, beaver, and nutria) and has been
used to treat cholesterol gallstones, primary biliary cirrhosis,
and cholestasis of pregnancy (Glantz et al., 2005; Hofmann
and Hagey, 2008).

BAs are involved in several important functions in liver and
intestine. BAs facilitate the elimination of cholesterol from liver
into bile and promote the absorption of lipids and lipid-soluble
vitamins from the intestine. Within the last decade, BAs have
been found to be important signaling molecules in regulating
the homeostasis of BAs, cholesterol, glucose, and energy via
activation of a number of receptors. However, individual BAs
differ markedly in their potency to produce these various effects.
For example, the potency of BAs to activate faresoid X receptor is
CDCA>DCA>LCA>CA (Parks et al., 1999), to activate pregnane
X receptor is DCA>LCA>CDCA (Xie et al., 2001), to activate
liver X receptor alpha is CA>LCA>DCA>CDCA (Song et al.,
2000), to activate vitamin D receptor is LCA>CDCA>DCA>CA
(Makishima et al., 2002), and to activate G protein coupled bile
acid receptor 1 is LCA>DCA>CDCA>CA (Sato et al., 2008).

BAs have been reported to induce cell injury through many
mechanisms, such as damage to the plasma membrane,
oxidative stress, apoptosis, and inflammation (Allen et al.,
2011; Perez and Briz, 2009). Generally, the hepatotoxicity of
BAs is considered to be associated with their degree of
hydrophobicity (Billington et al., 1980; Palmer, 1972). In regard
to the magnitude of hydrophobicity of BAs, the order is
UDCA<CA<CDCA<DCA<LCA (Heuman, 1989; Thomas
et al., 2008). Thus, the order of BA toxicity should also be
UDCA<CA<CDCA<DCA<LCA. However, feeding DCA
caused more hepatotoxicity in rats than feeding the same dose
of LCA (Delzenne et al., 1992; Tsuda et al., 1984), suggesting
that the hepatotoxicity caused by feeding BAs does not necessarily
depend on the degree of hydrophobicity of the fed BAs. This is
possibly because the fed BAs are metabolized by the liver and
intestinal bacteria (Wang et al., 2003; Zhang and Klaassen, 2010).

Recently, feeding various BAs to rodents has been used to
study BA signaling and toxicity. However, little is known
regarding how to choose appropriate concentrations of BAs in
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the feed that do not produce hepatotoxicity. In the present
study, male C57BL/6 mice were subjected to a diet containing
either a primary BA (CA or CDCA), a secondary BA (DCA or
LCA), or a therapeutic BA (UDCA) at concentrations of 0.01,
0.03, 0.1, 0.3, 1.0, or 3% (wt/wt). The purpose of this study is
to investigate systematically the dose-dependent effects of
feeding BAs on liver injury as well as the concentrations of
BAs in serum and liver.

MATERIALS AND METHODS

Chemicals. CA, CDCA, DCA, LCA, and UDCA were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO).

BA-supplemented diets. Pelleted mouse feed (Teklad Rodent Diet #8604;
Harlan Teklad, Madison, WI) was ground into a fine powder. CA, CDCA, and
DCA were granular and thus were ground into a fine powder using a mortar and
pestle. Each BA was thoroughly mixed with the ground feed using a Hobart
food mixer (Hobart Corporation, Troy, OH) to obtain the desired concen-
trations in the feed.

Animal experiments. Male C57BL/6 mice (22 + 2 g) at 8 weeks of age
were purchased from Charles River Laboratories, Inc. (Wilmington, MA). Mice
were randomly grouped into control and BA-treated groups with five mice per
group. The mice were housed in an American Animal Associations Laboratory
Animal Care accredited facility. Mice were housed with a 12:12-h light:dark
cycle and provided chow and water ad libitum. Each mouse was housed in
a single cage and acclimated to the housing facility as well as ground control
rodent diet in a bowl for 1 week. The diet was then changed to those
supplemented with various percentages of BAs, including CA, CDCA, and
DCA at final concentrations of 0.03, 0.1, 0.3, or 1% (wt/wt), LCA at 0.01, 0.03,
0.1, 0.3, or 1% (wt/wt), or UDCA at 0.1, 0.3, 1.0, or 3% (wt/wt) in the diet. The
BA-supplemented diets (40 g) were added to a bowl in each mouse cage daily,
and the remaining feed from the previous day was discarded. Cages were
replaced daily to minimize contamination of feed with urine and feces. After 7
days on these diets, serum samples were collected and stored at 4°C for
biochemical analysis. Livers were removed, frozen in liquid nitrogen, and
stored at —80°C.

Biochemical analysis. Serum alanine aminotransferase (ALT) activities
were quantified by an enzymatic colorimetric assay using a commercial assay
kit (Stanbio, Boerne, TX).

BA extraction and quantification. Serum BA extraction and quantifica-
tion were described previously (Alnouti et al., 2008). Liver BA concentrations
were quantified by a recent method using liquid chromatography-tandem mass
spectrometry (Zhang and Klaassen, 2010).

Statistics. Differences between multiple groups were analyzed by one-way
ANOVA followed by Duncan’s post hoc test. Statistical significance was
considered at p < 0.05.

RESULTS

Survival, Body Weight, and Liver Weight

The survival of mice fed various BAs at multiple concen-
trations in their diets for 1 week is shown in Table 1. In mice fed
BAs for 1 week, 1% CDCA, DCA, and LCA were lethal,
whereas 1% CA was not lethal. In contrast, mice survived from
all concentrations of UDCA, including the high concentration
of 3%.
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TABLE 1
Survival of Mice Fed Bile Acids at Various Concentrations in the
Feed for 1 Week

Concentrations
(Wt/wt%) CA CDCA DCA LCA UDCA

0.01 — — — 5/5 —
0.03 5/5 5/5 5/5 5/5 —
0.1 5/5 5/5 5/5 5/5 5/5
0.3 5/5 5/5 5/5 5/5 5/5
1.0 5/5 0/5 0/5 0/5 5/5
3.0 — — — — 5/5

Generally, feeding BAs had little effect on body weight of
mice (Fig. 1), except 3% UDCA in the diet decreased body
weight about 10%. The relative liver/body weight of mice was
increased by feeding 0.3 and 1% CA (about 8%) as well as
feeding 0.03, 0.1, and 0.3% DCA (8, 9, and 32%, respectively).
In contrast, feeding CDCA, LCA, and UDCA did not alter the
relative liver/body weight of mice.

Serum ALT

Serum ALT activity was quantified to determine the
hepatotoxicity of the various BAs fed to mice (Fig. 2). Feeding
CA, CDCA, DCA, and LCA resulted in a dose-dependent
increase in serum ALT activity in mice. The lowest
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FIG. 1. Body weight and relative liver weight of mice fed five BAs (CA,
CDCA, DCA, LCA, or UDCA) at concentrations of 0.01, 0.03, 0.1, 0.3 1.0, or
3% in the diets for 1 week. Data are presented as mean + SEM (n = 5).
Asterisks represent statistically significant differences (p < 0.05) between
control and treatment groups.
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FIG. 2. Serum ALT activity in mice fed various BA-supplemented diets
for 1 week. Data are presented as mean + SEM (n = 5). Asterisks represent
statistically significant differences (p < 0.05) between control and treatment
groups.

Ctrl

concentration needed to significantly increase serum ALT
activity was: 0.3% for CA, 0.3% for CDCA, 0.1% for DCA,
and 0.03% for LCA. Interestingly, feeding any concentration of
UDCA did not increase serum ALT activity in mice.

Total BA Concentrations in Serum and Liver

Serum and liver total BA concentrations were quantified to
determine the concentration of BAs in serum and liver that
resulted in hepatotoxicity (Fig. 3). Dose-dependent increases
in the concentrations of total BAs in serum were observed
when feeding CA, DCA, or UDCA but not CDCA or LCA.
Significant increases in the concentrations of total BAs in
serum were observed when feeding CA, CDCA, or DCA at
0.3% or above or feeding DCA or LCA at 0.1% or above. In
contrast, feeding CA, CDCA, DCA, or LCA at any of the
concentrations did not increase the total BA concentrations in
liver. Whereas feeding 3% UDCA quadrupled the total BA
concentrations in liver, feeding UDCA at 1% or below had
little effect on the total BA concentrations in liver.

Individual BA Concentrations in Serum

To further determine the effect of feeding BAs on serum
BAs, the concentrations of individual BAs in serum were
quantified and are shown as Figure 4. Feeding CA at 0.1, 0.3,
or 1% dose dependently increased serum CA concentrations
about 4-, 21-, and 42-fold, respectively. Feeding 0.3 and 1%
CA significantly increased serum taurocholic acid (T-CA)
about 4- and 54-fold, respectively. Feeding CA at 0.1, 0.3, and
1% dose dependently increased serum DCA concentrations
about 1.54-, 6.94-, and 16-fold, respectively. In addition,
feeding CA at 0.3 and 1% significantly increased serum
taurodeoxycholic acid (T-DCA) concentration. Feeding various
concentrations of CA had little effect on serum concentrations
of CDCA, LCA, and UDCA as well as their taurine conjugates.
Feeding CA at 0.3 or 1% significantly decreased serum aMCA
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FIG. 3. Total BA concentrations in the serum and livers of mice fed five
BAs (CA, CDCA, DCA, LCA, or UDCA) at concentrations of 0.01, 0.03, 0.1,
0.3 1.0, or 3% in the diets for 1 week. Data are presented as mean + SEM (n =
5). Asterisks represent statistically significant differences (p < 0.05) between
control and treatment groups.

concentration. In addition, feeding CA at 0.1 and 0.3%
significantly decreased serum concentration of tauromuricholic
acid (T-MCA).

Feeding CDCA at0.03, 0.1, and 0.3% dose dependently increased
serum CDCA about 8-, 15-, and 69-fold, respectively. Feeding 0.3%
CDCA significantly increased serum taurochenodeoxycholic acid
(T-CDCA) about threefold. Feeding 0.1% CDCA significantly
increased the concentrations of LCA but not T-LCA in serum.
Feeding CDCA at all concentrations significantly decreased serum
T-CA concentration. Feeding 0.3% CDCA significantly increased
serum oMCA concentration. In addition, feeding CDCA tended to,
but not significantly, increase serum BMCA concentration.

Feeding DCA not only resulted in a dose-dependent increase
in serum concentrations of DCA and T-DCA but also increased
the serum concentrations of CA and T-CA. Feeding 0.03%
DCA significantly increased serum DCA concentration about
threefold. Feeding 0.1 and 0.3% DCA significantly increased
serum concentrations of DCA (19- and 73-fold) and T-DCA
(4- and 162-fold). Feeding 0.1 and 0.3% DCA significantly
increased serum concentration of CA. In addition, feeding
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FIG. 4. Concentrations of individual BAs in serum of mice fed five BAs (CA, CDCA, DCA, LCA, or UDCA) at concentrations of 0.01, 0.03, 0.1, 0.3 1.0, or
3% in the diets for 1 week. Data are presented as mean + SEM (n = 5). Asterisks represent statistically significant differences (p < 0.05) between control and

treatment groups.

0.3% DCA significantly increased serum concentrations of
T-CA (39-fold). In contrast, feeding DCA had little effect on
the serum concentrations of CDCA, LCA, and UDCA as well
as their taurine conjugates. Feeding 0.03 and 0.1% DCA
significantly decreased serum T-MCA, whereas feeding 0.3%
DCA tended to, but not significantly, increase serum T-MCA.

Feeding 0.03% LCA tended to, but not significantly,
increase serum concentration of LCA about 67-fold. Feeding
LCA at 0.1 and 0.3% dose dependently increased the con-
centrations of LCA in serum about 225- and 782-fold,
respectively. In contrast, feeding LCA had little effect on the
concentration of T-LCA in serum. Feeding 0.3% LCA
significantly increased the concentration of T-CDCA about
twofold. Feeding LCA had little effect on serum concentrations
of CA or T-CA. In contrast, feeding LCA at 0.1% significantly
increased serum DCA concentration and feeding LCA at 0.3%

significantly increased serum T-DCA concentration. Feeding
LCA at the tested concentrations had little effect on the
concentrations of aMCA, PMCA, or T-MCA.

Feeding UDCA resulted in a dose-dependent increase in the
concentrations of UDCA, LCA, and CDCA in serum. Feeding
UDCA at 0.1, 0.3, 1.0, and 3% significantly increased serum
concentration of tauroursodeoxycholic acid (T-UDCA) but not
in a dose-dependent manner. Feeding 1.0 and 3% UDCA
significantly increased serum concentrations of CDCA and T-
CDCA. Feeding UDCA at 0.3% or above significantly increased
the concentration of LCA in serum. Feeding 3% UDCA also
significantly increased serum concentration of T-LCA. Com-
pared with mice fed 1% UDCA, mice fed 3% UDCA had alower
increase in serum concentrations of T-UDCA and T-CDCA. In
addition, feeding 3% UDCA significantly increased serum
concentrations of CA, DCA, aMCA, and PMCA.
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Individual BA Concentrations in Liver

The concentrations of individual BAs in livers of mice fed
various BAs were also quantified (Fig. 5). Feeding 0.1, 0.3,
and 1% CA tended to, but not significantly, increase CA
concentration (about twofold to fourfold). Feeding CA at
0.1, 0.3, and 1% significantly increased T-CA concentrations
about twofold to fourfold in mouse livers. Feeding CA also
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increased the liver concentrations of DCA and T-DCA 2-to 11-
fold and onefold to fivefold, respectively. In contrast, feeding
CA had little effect on the concentrations of LCA, UDCA,
murideoxycholic acid (MDCA), or their taurine conjugates.
Feeding 1% CA significantly decreased liver concentration of
CDCA. Feeding 0.3 and 1% CA significantly decreased aMCA,
BMCA, tauro-oi-muricholic acid (T-aMCA), tauro-B-muricholic
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FIG. 5. Concentrations of individual BAs in livers of mice fed five BAs (CA, CDCA, DCA, LCA, or UDCA) at concentrations of 0.01, 0.03, 0.1, 0.3 1.0, or
3% in the diets for 1 week. Data are presented as mean + SEM (n = 5). Asterisks represent statistically significant differences (p < 0.05) between control and
treatment groups.
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acid (T-BMCA), and taurohyodeoxycholic acid (T-HDCA). In
addition, feeding CA significantly decreased the concentrations
of -muricholic acid (wMCA) and tauro-o-muricholic acid
(T-oMCA).

Feeding 0.03% CDCA tended to, but not significantly,
increase liver concentration of CDCA (about 60%). In contrast,
feeding 0.03% CDCA significantly increased liver concentra-
tion of T-CDCA (about 100%). Feeding 0.1 and 0.3% CDCA
dose dependently increased the liver concentrations of CDCA
(4- and 17-fold, respectively) and T-CDCA (3- and 15-fold,
respectively). Feeding CDCA also resulted in a dose-dependent
increase in the concentrations of LCA, T-LCA, UDCA, T-
UDCA, aMCA, and T-BMCA. Feeding 0.3% CDCA signif-
icantly increased the liver concentrations of LCA and T-LCA
about twofold and fourfold, respectively. Feeding CDCA at
0.03, 0.1, and 0.3% significantly increased liver concentration
of tauromurideoxycholic acid (T-MDCA). In addition, feeding
0.1% CDCA significantly increased liver concentration of T-
HDCA. In contrast, feeding 0.1 and 0.3% CDCA significantly
decreased the concentrations of CA, T-CA, T-DCA, oMCA,
and T-oMCA.

Feeding 0.03% DCA tended to, but not significantly, increase
the concentrations of DCA and T-DCA in livers of mice.
Feeding 0.1 and 0.3% DCA dose dependently increased the
concentrations of DCA (threefold and ninefold, respectively)
and T-DCA (2- and 14-fold, respectively). Feeding 0.1% DCA
tended to, but not significantly, increase the concentrations of
CA and T-CA. Feeding 0.3% DCA tended to increase CA
concentration and significantly increased T-CA concentration.
In contrast, feeding DCA at 0.1% or above decreased the
concentrations of CDCA, T-CDCA, BMCA, oMCA, and T-
®MCA. In addition, feeding 0.3% DCA significantly decreased
T-aMCA and T-BMCA.

Feeding LCA tended to increase liver concentrations of LCA,
T-LCA, CDCA, T-CDCA, MDCA, T-MDCA, hyodeoxycholic
acid, and T-HDCA in a dose-dependent manner. Feeding LCA
at 0.1 and 0.3% significantly increased liver concentration of
LCA. Feeding 0.3% LCA significantly increased liver concen-
tration of T-LCA, CDCA, and T-CDCA. Feeding LCA at
0.03% or above significantly increased the liver concentrations
of MDCA, T-MDCA, T-BMCA, and T-HDCA. In contrast,
feeding LCA tended to result in a dose-dependent decrease in
the concentrations of CA, T-CA, ®MCA, and T-oMCA in
livers of mice.

Feeding mice 0.1, 0.3, 1.0, and 3% UDCA increased liver
concentrations of UDCA about 42- to 194-fold and T-UDCA
25- to 63-fold. Feeding UDCA at 0.3 and 3% significantly
increased liver concentrations of CDCA, T-CDCA, LCA, and T-
LCA. Feeding UDCA at 0.1% or above significantly increased
the concentration of MDCA and T-MDCA. In contrast, feeding
UDCA at 0.3 and 1% slightly decreased the concentration of
CA. Feeding UDCA at 1% or above significantly decreased the
liver concentration of T-CA. Feeding UDCA at 1.0 and 3%
significantly decreased the concentration of T-DCA but not
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DCA. Feeding 1% UDCA significantly decreased, whereas
feeding 3% UDCA markedly increased the concentration of
oaMCA. Feeding UDCA at 1% or lower decreased, where-
as feeding UDCA at 3% increased the concentrations of
BMCA and ®MCA. Feeding UDCA tended to dose depen-
dently decrease the concentrations of T-aMCA, T-BMCA, and
T-oMCA in livers of mice.

Hydrophobicity Index of Total BAs in Liver

Hydrophobicity indices of individual BAs as well as total
BAs in livers of mice were calculated according to the method
of Heuman (1989). As shown in Figure 6, the hydrophobicity
indices of the total BAs in livers of mice differed markedly
when fed various BAs. Feeding CA or DCA resulted in a dose-
dependent increase in the hydrophobicity indices of the total
BAs in the livers of mice. In contrast, feeding CDCA, LCA,
and UDCA decreased the hydrophobicity indices of the liver
total BAs. Feeding CDCA decreased the hydrophobicity of
liver BAs more than feeding LCA and UDCA.

DISCUSSION

The present study systematically investigated the relative
hepatotoxicity of five BAs, including primary BAs (CA and
CDCA), secondary BAs (DCA and LCA), and one thera-
peutic BA (UDCA). Serum ALT activity is a traditional
biochemical index of liver function and is used clinically for
diagnosis of liver injury. According to the increase in serum
ALT activity, the lowest concentration of CA and CDCA in
the feed that causes hepatotoxicity is 0.3%, whereas it is
0.1% for DCA and 0.03% for LCA (Fig. 2). Feeding UDCA
at any of the concentrations did not increase serum ALT
activity. In addition to serum ALT activity, serum BA con-
centrations are also proposed to be a biological marker for
hepatotoxicity (Lucangioli et al., 2009; Walters, 2010).
Serum BA concentration has even been suggested to be
a more sensitive and accurate indicator of liver function than

0.9
0.6+

0.3

Hydrophobicity Index of BAs in Llver

BA Conc in Diets (W/W%)

FIG. 6. The hydrophobicity indices of total BAs in livers of mice fed five
BAs (CA, CDCA, DCA, LCA, or UDCA) at concentrations of 0.01, 0.03, 0.1,
0.3 1.0, or 3% in the diets for 1 week.
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serum ALT (Ambros-Rudolph et al., 2007; Azer et al.,
1997). BA feeding resulted in a dose-dependent increase in
the concentrations of the fed BA in serum of mice. In
contrast, the concentration of total BAs in serum increased
only in mice fed high doses of BAs. To increase serum total
BA concentrations, mice needed to be fed CA, CDCA, and
UDCA at 0.3%, whereas DCA and LCA only required 0.1%
(Fig. 3). Histopathological examination of the liver indicated
that feeding the highest dose of CA (1%), CDCA (0.3%), or
UDCA (3%) had little effect, whereas feeding DCA or LCA
at the highest concentration (0.3%) caused random cell
swelling and death (data not shown). In addition, the survival
study showed that mice fed 1% CDCA died within 3-5 days,
whereas all mice fed 1% CA survived at least 7 days,
indicating that CA is less toxic than CDCA (Table 1). Taken
together, the order for these five BAs to cause hepatotoxicity
is UDCA<CA<CDCA<DCA<LCA.

Contrary to serum total BA concentrations, feeding BAs,
even at hepatotoxic concentrations, have little effect on the
total BA concentrations in livers of mice. For example, feeding
CA at all doses (0.03, 0.1, 0.3, and 1%) failed to increase the
total BA concentrations in livers of mice. The exception is
feeding 3% UDCA, which markedly increased the total BA
concentration in livers of mice (Fig. 3). An increase in the total
BA concentrations in liver is thought to be a major feature of
cholestatic liver diseases (Fischer et al., 1996). However, the
present study shows that hepatotoxicity induced by feeding
BAs is not due to accumulation of total BAs in livers. Taken
together, feeding BAs do not necessarily increase liver total BA
concentrations, and hepatotoxicity induced by feeding BAs is
not related to the total BA concentrations in livers.

Feeding BAs may suppress BA synthesis in liver. After
feeding BAs, the messenger RNA expression of BA-synthetic
enzymes, such as Cyp7al and 8bl, are suppressed markedly in
livers of mice (Zhang and Klaassen, 2010). In the present
study, feeding CA and DCA at high concentrations decreased
the concentrations of both conjugated and unconjugated MCAs
(aMCA and BMCA), suggesting that feeding CA and DCA
may suppress the alternative pathway of BA synthesis in
livers of mice. In addition, feeding CDCA and LCA at high
concentrations (0.1 and 0.3%) decreased the concentrations of
CA and T-CA, suggesting that feeding CDCA and LCA may
suppress the classic pathway of BA synthesis in livers of mice.

During BA feeding, the fed BAs are metabolized by
intestinal bacteria and hepatic enzymes. The fed primary BAs
(CA and CDCA) can be metabolized by bacteria in the intestine
to form their corresponding secondary BAs (DCA and LCA).
Feeding CA at 0.1% or above in the diet increased the
concentration of DCA in the liver and feeding 0.3% CDCA
increased the concentration of LCA in the liver. After feed-
ing BAs, the fed secondary BAs (DCA and LCA) can be
“repaired” by enzymes in the liver to form their corresponding
primary BAs (CA and CDCA). The present study also shows
that feeding DCA and LCA at 0.3% in the diet increased

365

the liver concentrations of T-CA and T-CDCA, respectively
(Fig. 5).

Feeding BAs may alter the hepatic uptake of BAs. Feeding
DCA, CDCA, and LCA tended to increase the liver
concentrations of DCA, CDCA, and LCA, respectively, in
a dose-dependent manner. In contrast, feeding CA at higher
concentrations (0.1, 0.3, and 1%) similarly increased the
concentrations of CA and DCA. It is possible that CA, being
more hydrophilic than DCA, CDCA, and LCA, requires BA
transporters for uptake into liver. Oatp1b2 has been shown to
transport unconjugated CA into livers of mice (Csanaky et al.,
2011). It is likely that Oatplb2 is saturated by high doses of
CA and thus feeding CA does not result in a dose-dependent
increase in the concentration of CA in the liver.

It is generally accepted that the toxicity of BAs is related to
their hydrophobicity. The order of hydrophobicity of BAs is
UDCA<CA<CDCA<DCA<LCA (Perez and Briz, 2009),
which is the exact order of the toxicity observed in the present
study. Thus, it might appear that feeding hydrophobic BAs
may increase the hydrophobicity of total BAs in liver and thus
cause liver toxicity. Surprisingly, feeding CA and DCA dose
dependently increased but feeding CDCA, LCA, and UDCA
decreased the hydrophobicity indices of total BAs in livers of
mice (Fig. 6). The marked difference in the hydrophobicity
indices between total BAs in livers and the individual fed BAs
is due to the metabolism of the fed BAs by the liver and
intestinal bacteria. For example, feeding CA increased the
concentration of a hydrophobic BA (DCA) but decreased the
concentrations of hydrophilic BAs (aMCAs, BMCAs, and
®MCAs) and thus increased the hydrophobicity indices of total
BAs in liver (Fig. 5). Taken together, the hepatotoxicity of the
fed BAs does not necessarily correlate with the hydrophobicity
of total BAs in liver.

UDCA has been used to treat cholesterol gallstones, primary
cirrhosis, and cholestasis of pregnancy (Glantz et al., 2005;
Hofmann and Hagey, 2008). Before the discovery of the
therapeutic use of UDCA, CDCA was used to induce gradual
dissolution of cholesterol gallstones (Danzinger et al., 1972).
UDCA replaced CDCA for cholesterol gallstone dissolution
because CDCA induced a dose-related elevation in plasma
transaminase levels, whereas UDCA appeared to be devoid of
hepatotoxicity (Howard and Fromm, 1999). Similar to that in
humans, the present study demonstrates that CDCA is more
toxic than UDCA in mice. CDCA and UDCA share similar
metabolic pathways in mice (Zhang and Klaassen, 2010), and
one of their metabolites, LCA, has been proposed to be one of
the reasons that CDCA causes hepatotoxicity (Hofmann,
2004). The present study shows that feeding 0.3% UDCA
increased liver concentrations of LCA and T-LCA in mice
more than did feeding 0.3% CDCA or LCA (Fig. 5). Thus, the
difference in toxicity between CDCA and UDCA is not likely
due to their hydrophobic metabolites. Feeding 0.3% UDCA
increased the liver concentration of T-UDCA much higher than
feeding 0.1% UDCA, whereas feeding 0.3, 1, and 3% UDCA
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resulted in a similar increase in liver concentrations of T-
UDCA. This suggests that BA-conjugating enzymes in liver
may be saturated by feeding UDCA at concentrations higher
than 0.3%.

In summary, the findings of the present study provide
guidance for choosing the feeding concentrations of BAs in
mice and will aid in interpreting BA hepatotoxicity as well as
BA-mediated gene regulation. The lowest concentration of
each BA in the feed that causes hepatotoxicity in mice is CA
and CDCA at 0.3%, DCA at 0.1%, and LCA at 0.03%. The
dose of CA that increases DCA concentration in the liver is
0.1%, whereas it is 0.3% for DCA, CDCA, and LCA to
increase the liver concentrations of CA, LCA, and CDCA,
respectively. In addition, hepatotoxicity of the fed BAs does
not simply depend on the concentration or hydrophobicity of
total BAs in the liver.
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