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Abstract Mice were fed a control diet or a diet supple-

mented with hyodeoxycholic acid, the most abundant bile

acid contained in pig bile, for 4 weeks, after which their

serum and livers were collected. The contents of total fatty

acids of serum and liver cholesteryl esters, and of liver

triglycerides, were reduced following the administration of

the hyodeoxycholic acid-supplemented diet, which was

mainly due to the reductions in the contents of monoun-

saturated fatty acids. Free cholesterol contents in the serum

and liver were not changed by hyodeoxycholic acid

administration. Hyodeoxycholic acid administration

reduced the gene expression levels of sterol regulatory

element binding protein 1c, acetyl-CoA carboxylase, fatty

acid synthase, and stearoyl-CoA desaturase-1. Hyodeoxy-

cholic acid administration markedly changes the ratio of

FXR-antagonist/FXR-agonist bile acids in the enterohe-

patic tissues of the mice (1.13 and 7.60 in hyodeoxycholic

acid and control diet groups, respectively). Our findings

demonstrate that hyodeoxycholic acid administration

exerts the hypolipidemic effect in mice, in which down-

regulations of de novo lipogenesis and desaturation of

saturated fatty acids are suggested to play important roles.

In addition, regulation of FXR activation through the

selective modification of the enterohepatic bile acid pool

may be involved in the hypolipidemic effect of hyode-

oxycholic acid administration.
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Abbreviations

ACC Acetyl-CoA carboxylase

CE Cholesteryl ester

CYP7a1 Cytochrome P450 7a1

FXR Farnesoid X receptor

FAS Fatty acid synthase

HMGCAR 3-Hydroxy-3-methylglutaryl coenzyme-A

reductase

LCMS Liquid chromatography–mass spectrometry

MUFA Monounsaturated fatty acid

PL Phospholipid

SCD1 Stearoyl-CoA desaturase-1

SOAT2 Sterol-O-acyltransferase-2

SREBP1c Sterol regulatory element binding protein 1c

TAG Triglyceride

Introduction

Bile acids regulate the metabolism of lipids, carbohydrates,

and bile acids themselves through the activation of their

nuclear receptors [1, 2]. The important role of the farnesoid

X receptor (FXR) in the regulation of lipid metabolism has

most extensively been investigated. The activation of FXR

by bile acids leads to the suppression of lipogenesis

through the downregulation of sterol regulatory element

binding protein 1c (SREBP1c) activation, which results in

the reduction in triglyceride (TAG) contents in experi-

mental animals [3, 4]. However, the activation of FXR is
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known to elevate cholesterol contents in the blood and liver

as a result of the suppression of cholesterol mobilization

for bile acid synthesis owing to the reduced expression

level of cytochrome P450 7a1 (CYP7a1, cholesterol 7a-

hydroxylase) (EC 1. 14. 13. 17) [5, 6]. However, the role of

FXR activation in the elevation of cholesterol level is

controversial because there have been reports showing the

elevation in cholesterol level by FXR deficiency and the

reduction by synthetic FXR agonist [7–9]. In addition to

FXR, other nuclear receptors such as the pregnane X

receptor, vitamin D receptor, and constitutive androstane

receptor, as well as cell surface G-protein-coupled receptor

(TGR5), are reported to be activated by bile acids [10, 11],

although their roles in the regulation of lipid metabolism

are as yet relatively less understood.

Bile preparations harvested from bears or domestic

animals such as cattle and swine have long been used as

traditional home remedies in Asian countries, including

Japan. We have been investigating the effects of the

administration of animal bile preparations on lipid levels

using experimental animals because bile acids, major

constituents of animal bile preparations, are potent regu-

lators of lipid metabolism, as mentioned above. We have

already demonstrated that the administration of cattle bile

reduced serum TAG contents, but elevated serum and liver

cholesterol contents in mice [12, 13]. However, the

administration of pig bile was found to reduce liver TAG

levels as well as serum cholesterol contents in our previous

study using mice [14]. In addition, the proportions of pal-

mitoleic acid (16:1n-7) and oleic acid (18:1n-9) in serum

and liver lipids were elevated by cattle bile, but reduced by

pig bile administration [13, 14]. The modifications of the

contents and fatty acid composition in serum and liver lipid

profiles in the mice treated with cattle bile were suggested

to be mediated by cholic acid, the most abundant bile acid

of cattle bile [13]. The bile acid composition of pig bile is

quite different from that of cattle bile [13–15], which is

considered to have opposite effects of cattle bile on the

contents of cholesterol and monounsaturated fatty acids

(MUFA) in the serum and liver [13, 14].

Hyodeoxycholic acid is the most abundant bile acid

contained in pig bile [14, 15]. Hyodeoxycholic acid has

been reported to reduce blood cholesterol levels in exper-

imental animals through the inhibition of cholesterol

absorption from the small intestine [16, 17]. This action is

considered to underlie the reduction in serum total cho-

lesterol contents in mice fed the pig bile-supplemented diet

[14]. However, it has not yet been studied whether hyo-

deoxycholic acid administration reduces the contents of

TAG and MUFA similarly to pig bile administration [14].

Therefore, we examined the effects of hyodeoxycholic acid

administration on the contents of fatty acids in serum and

liver lipids in mice. In addition, we examined the effects of

hyodeoxycholic acid administration on the gene expression

levels of proteins involved in de novo fatty acid synthesis

and desaturation of saturated fatty acids and on the bile

acid pool profile, which were contrasted with the changes

in lipid and fatty acid profiles induced by hyodeoxycholic

acid.

Materials and Methods

Animals and Diets

Twenty male C57BL/6 mice (SLC, Shizuoka, Japan) at 6

weeks of age were used in this study. Ten mice were fed a

powdered, high-caloric diet (QuickFat, Nippon Clea) as the

control diet group. Another group of ten mice was assigned

to a powdered, high-caloric diet supplemented with 0.3

wt % hyodeoxycholic acid ([98 % purity, Wako Pure

Chem, Osaka, Japan). The composition of nutrients in the

high-calorie diet was as follows (g in 100 g): moisture, 7.1;

crude protein, 24.1; crude fat, 13.9; crude fiber, 2.9; crude

ash, 5.2; nitrogen-free extracts, 46.8. The energy content of

the high-caloric diet is reported as 415.1 kcal/100 g (http://

www.clea-japan.com/en/diets/diet_a/a_07.html). Choles-

terol content of the high-caloric diet was 0.068 (w/w). We

have confirmed that the administration of the high-calorie

diet for 4 weeks elevated the contents of serum and liver

cholesterol and liver TAG contents in male C57BL/6 mice

compared with that of a regular diet (344.9 kcal/100 g)

[12–14]; these responses were suppressed by the addition

of 1 wt % pig bile extract to the high-calorie diet [14].

Because the hyodeoxycholic acid content in the pig bile-

supplemented diet was approximately 0.3 % [14], the

effect of hyodeoxycholic acid at this concentration was

examined in this study.

Dietary Protocols

The effects of hyodeoxycholic acid administration on body

weight, intake of food, and water and lipid levels were

evaluated in the two groups of mice (five mice/group)

assigned to the control and hyodeoxycholic acid diets.

These mice were individually housed in plastic cages

(240 9 170 9 120 mm3) containing fresh paper bedding

and were given the above-mentioned diets. Fresh diets

were served every 2 or 3 days in round glass feeders

(54 mm diameter 9 47 mm height). The weight of pow-

ered diet and amount of water ingested by each mouse, as

well as body weight gain were measured every week

throughout the feeding period of 4 weeks. Another two

groups of mice (five mice 9 two groups) were used for the

assessment of the effects of hyodeoxycholic acid admin-

istration on bile acid contents of enterohepatic tissues.
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These groups of mice were group-fed (five mice/cage) for

4 weeks.

Sampling of Blood and Tissues

On the final day of the feeding period, the mice were fasted

from 0900 h to 1300 h, and then anesthetized in a chamber

filled with isoflurane gas (5 % in air). Blood was obtained

from the anesthetized mice by cardiac puncture, allowed to

clot, and then centrifuged to obtain serum. Two liver

specimens (approximately 0.2 g each) were harvested from

the mice and washed in ice-cold saline. Serum and one

liver specimen for lipid analysis were quickly frozen in

liquid nitrogen and stored at -70 �C. The other liver

specimen for gene expression analysis was immersed in

RNAlater (Life Technologies, Carlsbad, CA, USA), which

was stored at 4 �C for 24 h and then at -70 �C until

analysis. The enterohepatic tissues including the liver,

gallbladder, and small intestine for the determination of

bile acid content were harvested from the mice and stored

at -70 �C until analysis. The protocol for the above animal

treatments was in accordance with the Guidelines for

Proper Conduct of Animal Experiments issued by the

Science Council of Japan (June 1. 2006) (http://www.scj.

go.jp/ja/info/kohyo/pdf/kohyo-20-k16-2e.pdf) and was

approved by the Committee for Animal Care and Experi-

ments of the University of Toyama (approval number,

S-2012 INM-5).

Analysis of Fatty Acids in Serum and Liver

Total lipids were extracted from the serum and liver as

described by Hara and Radin [18]. Cholesteryl esters (CE),

TAG, and total phospholipids (PL) were purified by silica

gel thin-layer chromatography (TLC) and their fatty acid

contents were determined by gas–liquid chromatography,

as described previously [13]. Heptadecanoic acid (17:0)

was added to the lipid fractions as an internal standard for

the quantification of their fatty acid contents. Free cho-

lesterol concomitantly obtained in the above TLC was

extracted from the silica gel adsorbents, and its content was

determined by a clinical enzymatic assay (Wako Pure

Chem, Osaka, Japan).

Gene Expression Analysis of Liver

Liver total RNA was extracted using RNAiso (Takara Bio,

Tokyo, Japan). An aliquot of liver total RNA was reverse-

transcribed to first-strand cDNA in the presence of oligo-

deoxythymidine and random hexamer primers using a

PrimeScript RT reagent kit (Takara Bio). An aliquot of the

first-strand cDNA was subjected to real-time PCR in the

presence of SYBR (SYBR Green Realtime PCR Master

Mix, Toyobo Life Sciences, Osaka, Japan) and a set of

gene-specific primers using a thermal cycler (MyiQ2 real-

time PCR system, BioRad, Hercules, CA, USA). The

sequences of the forward and reverse primers used for the

amplification of specific cDNA sequences are shown as

Electronic Supplementary Material. The amplified products

were verified by checking their melting curves after the

final cycle of each PCR. The relative content of cDNA

derived from the mRNA of interest was expressed as a ratio

with respect to that of 18S ribosomal RNA.

Bile Acid Determination

Frozen enterohepatic tissues were thawed and then

homogenized with 10 ml of 50 % methanol. Three-hundred

microliters of the resulting homogenate was used to extract

total bile acids using an OASIS HLB SPE cartridge (30 mg)

(Waters, Milford, MA, USA) after the treatment of the

above homogenate with ice-cold alkaline acetonitrile, as

described previously [19]. Bile acid-containing fractions

were dried under nitrogen gas and the resultant residue was

dissolved in a mixture of 100 ll of methanol and 1 ml of

1 N NaOH, which was heated for 4 h at 120 �C to hydro-

lyze conjugated bile acids. The reaction mixture was acid-

ified to pH 1–2 with hydrochloric acid, and then bile acids

were extracted three times with 2 ml of ethyl acetate. After

the organic layer was evaporated to dryness under nitrogen

gas, the resultant residue was dissolved in methanol. Bile

acid contents in the samples were determined by liquid

chromatography–mass spectrometry (LC–MS). The mobile

phases used were water/methanol/acetonitrile (75:5:20, v/v/

v) containing 10 mM ammonium acetate acidified with

acetic acid (pH = 5.5) (A) and methanol:acetonitrile (5:95,

v/v) (B). Gradient elution was initiated from A:B at 90:10

(v/v) and then changed to 10:90 (v/v) for 20 min. This

proportion was kept for 10 min and then returned to the

initial proportion, which was continued for 10 min before

the next chromatographic run. Bile acids were detected as

[M-H]- in a selected-ion monitoring mode at m/z = 407.2

and 391.2 to detect tri-hydroxylic (cholic, a-muricholic, b-

muricholic, hyocholic acids) and di-hydroxylic bile acids

(chenodeoxycholic, deoxycholic, and hyodeoxycholic, ur-

sodeoxycholic acids), respectively, using an electrospray

ionization-single quadrupole mass spectrometer (LCMS-

2020, Shimadzu, Kyoto, Japan). Quantification was carried

out using calibration curves derived from the known

amounts of the above authentic bile acids purchased from

Steraloids Inc. (Newport, RI, USA).

Statistical Analysis

The statistical significance of the differences in values

between the control and hyodeoxycholic acid diet groups
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was determined by unpaired Student’s t test. When p values

were determined to be less than 0.05, the differences were

considered statistically significant.

Results

Body Weight Gain and Food and Water Intake

There was no significant difference in body weight gain, or

food and water intake of mice between the control and

hyodeoxycholic acid diet groups (Fig. 1a–c). The admin-

istration of hyodeoxycholic acid diet did not change the

liver weight compared with that of the control diet

(Fig. 1d).

Serum Lipid Analysis

The content of total fatty acids of serum CE in the hyo-

deoxycholic acid diet group was significantly lower

(1,512 ± 82.46 lg/ml) than that in the control diet group

(1,898 ± 91.61 lg/ml) (p = 0.011) (Table 1). In addition,

the contents of MUFA, such as 16:1n-7, 18:1n-9, and

18:1n-7, were significantly lower (p = 0.005, \0.001, and

0.008, respectively), but that of 18:0 tended to be higher

(p = 0.059) than those in the control diet group. Hyode-

oxycholic acid administration also reduced the contents of

18:2n-6 and 20:5n-3 in serum CE compared with the

administration of the control diet (p = 0.042 and

p = 0.005, respectively). The contents of free cholesterol

in the serum and liver were not different between hyode-

oxycholic acid-supplemented and control diet groups

(Fig. 2a). The contents of total fatty acids in serum TAG

were not significantly different between the control and

hyodeoxycholic acid diet groups (p = 0.898), although the

content of 20:4n-6 was slightly higher in the hyodeoxy-

cholic acid diet group than in the control diet group

(p = 0.035) (Table 1). The contents of several types of

fatty acids (16:1n-9, 16:1n-7, 18:2n-6, 20:3n-6, and 20:5n-

3) in serum PL were significantly lower in the hyodeoxy-

cholic acid diet group than in the control diet group,

although these differences were small and the total fatty

acid contents of this lipid fraction were not significantly

different between these dietary groups (p = 0.403).

Liver Lipid Analysis

The total fatty acid content of liver CE in the hyodeoxycholic

acid diet group was 71.1 % of that in the control diet; this

difference was statistically significant (p = 0.031)
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Fig. 1 Food intake (a), water

intake (b), body weight change

(c), and liver weight (d) of mice

fed control and hyodeoxycholic

acid (HDCA) diets. The total

food and water intakes during

the entire feeding period (4

weeks) are shown (a, b). Each

column and each bar represent

mean and SEM from five mice

in each group, respectively.

There was no significant

difference in any of the above

values between the control and

HDCA diet groups
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(Table 2). Hyodeoxycholic acid markedly reduced the con-

tents of 16:1n-7 and 18:1n-9 in liver CE (p = 0.010 and

\0.001, respectively). In addition, the content of 18:2n-6

was slightly, but significantly lower in the hyodeoxycholic

acid diet group than in the control diet group (p = 0.029).

The contents of free cholesterol in the liver were not

significantly different between these two dietary groups

(Fig. 2b). Hyodeoxycholic acid administration reduced the

total fatty acid content of liver TAG to 63.8 % that of the

control group (p = 0.018), which was mainly due to a large

reduction in the content of 18:1n-9 (6,355 ± 715 vs.

3,813 ± 397 lg/g liver, respectively). The hyodeoxycholic

acid diet also reduced the content of 16:1n-7 compared with

the control diet (p = 0.015). The contents of 16:0 and 20:4n-

6 were slightly, but significantly lower in the hyodeoxycholic

acid diet group than in the control diet (p = 0.041 and 0.037,

respectively). Similarly in serum CE and PL (Table 1), lower

contents of 16:1n-7, 18:2n-6 and 20:5n-3 were observed in

the liver PL of the hyodeoxycholic acid diet group than in the

control diet group (p = 0.008, 0.003, and \0.001, respec-

tively). However, these differences were relatively small and

total fatty acid contents of liver PL were not significantly

different between the two dietary groups (p = 0.073).

Gene Expression Levels in Liver

The expression level of SREBP1c mRNA was significantly

lower in the liver of mice fed the hyodeoxycholic acid diet

than that of the mice fed the control diet (p = 0.017)

(Fig. 2). In addition, the hyodeoxycholic acid diet reduced

the expression levels of the mRNAs of lipogenic enzymes

upregulated by SREBP1c, such as acetyl-CoA carboxylase-

1 (ACC) (EC 6. 4. 1. 2), fatty acid synthase (FAS) (EC 2. 3.

1. 85), and stearoyl-CoA desaturase-1 (SCD1) (EC 1. 14.

19. 1), compared with the control diet (p = 0.017, 0.003,

0.003, \0.001, respectively). The mRNA expression level

of cytochrome P450 7A1 (CYP7a1) (EC 1. 14. 13. 17) was

also markedly lower in the hyodeoxycholic acid diet group

than in the control diet group. However, the expression

levels of the mRNAs of 3-hydroxy-3-methylglutaryl

coenzyme-A reductase (HMGCR) (EC 1. 1. 1. 34) and

sterol-O-acyltransferase-2 (SOAT2) (EC 2. 3. 1. 26) in the

hyodeoxycholic acid diet group were not significantly

different from those in the control diet group.

Bile Acid Composition in Enterohepatic Tissues

b-Muricholic acid and cholic acid were the major bile acids

found in the enterohepatic tissues of the mice fed the

control diet (Fig. 4a). Hyodeoxycholic acid administration

markedly reduced the contents of b-muricholic acid and

cholic acid, and the extent of the reduction was greater in

b-muricholic acid (-95 %) than in cholic acid (-81 %).

Although the content of hyodeoxycholic acid was low in

the tissue of the mice fed the control diet, it markedly

increased upon hyodeoxycholic acid administration. Lower

contents of a-muricholic acid, deoxycholic acid, and che-

nodeoxycholic acid were also found in the tissues of the

control diet group, which did not significantly change

Table 1 Fatty acid contents of serum lipid fractions

Control HDCA p values

Serum CE

16:0 172.9 ± 16.61 173.8 ± 21.13 0.974

16:1n-9 10.64 ± 0.759 7.711 ± 1.107 0.054

16:1n-7 131.8 ± 14.87 69.51 ± 8.406 0.005

18:0 63.19 ± 15.25 133.1 ± 29.08 0.059

18:1n-9 298.2 ± 14.64 180.6 ± 12.76 <0.001

18:1n-7 12.49 ± 1.634 6.829 ± 0.447 0.008

18:2n-6 670.3 ± 38.85 546.0 ± 36.31 0.042

20:4n-6 207.1 ± 21.02 203.6 ± 14.86 0.895

20:5n-3 208.4 ± 28.74 95.22 ± 13.26 0.005

22:6n-3 122.7 ± 20.32 95.67 ± 15.09 0.310

Total fatty acid 1,898 ± 91.61 1,512 ± 82.46 0.011

Serum TG

16:0 388.8 ± 54.21 425.4 ± 41.01 0.597

16:1n-9 13.46 ± 2.610 10.51 ± 1.811 0.364

16:1n-7 62.10 ± 14.27 48.99 ± 10.01 0.460

18:0 101.8 ± 26.70 171.7 ± 47.28 0.255

18:1n-9 538.4 ± 119.1 506.8 ± 57.21 0.806

18:1n-7 20.53 ± 4.055 20.14 ± 2.803 0.937

18:2n-6 175.9 ± 33.77 148.4 ± 16.54 0.459

20:4n-6 6.307 ± 0.840 14.09 ± 2.745 0.035

20:5n-3 25.38 ± 7.379 20.33 ± 4.736 0.566

22:6n-3 63.13 ± 18.23 64.38 ± 11.69 0.954

Total fatty acid 1,396 ± 239.0 1,431 ± 137.1 0.898

Serum PL

16:0 1,172 ± 56.10 1,119 ± 78.03 0.595

16:1n-9 9.436 ± 1.017 5.869 ± 0.888 0.025

16:1n-7 46.90 ± 2.698 30.07 ± 4.020 0.006

18:0 539.0 ± 38.07 583.5 ± 49.31 0.491

18:1n-9 588.5 ± 27.51 498.6 ± 33.43 0.065

18:1n-7 66.81 ± 7.613 53.29 ± 5.084 0.171

18:2n-6 593.4 ± 26.35 505.3 ± 28.10 0.045

20:3n-6 66.96 ± 6.941 41.80 ± 3.793 0.010

20:4n-6 151.2 ± 12.47 170.1 ± 12.73 0.315

20:5n-3 67.32 ± 7.576 31.54 ± 4.617 0.002

22:6n-3 283.1 ± 31.37 304.1 ± 21.19 0.591

Total fatty acid 3,638 ± 185.9 3,388 ± 217.9 0.403

Fatty acid contents (lg/ml serum) in the serum lipid fractions

obtained from five mice in each diet group are shown

p values obtained from Student’s t test are shown in the right lane,

which are in bold when the difference is statistically significant

(p \ 0.05)
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following hyodeoxycholic acid administration (Fig. 4b).

Ursodeoxycholic acid was also a minor bile acid in the

enterohepatic tissues, but its content was significantly

reduced following hyodeoxycholic acid administration.

Hyocholic acid was not detected in the tissues of the

control diet group, but was detectable in the hyodeoxy-

cholic acid-supplemented diet group. The total bile acid

content in the enterohepatic tissues of the hyodeoxycholic

acid-supplemented diet group was not significantly differ-

ent from that of the control diet group (p = 0.271).

Discussion

Cyp7a1 converts cholesterol to 7a-hydroxycholesterol as

the first step of the bile acid synthetic pathway [20], and its

expression level is downregulated in a feedback manner by

bile acids [21]. As we observed, the expression level of

Cyp7a1 mRNA in the liver was markedly reduced fol-

lowing HDCA administration, suggesting that hyodeoxy-

cholic acid might suppress cholesterol mobilization for bile

acid synthesis. Nevertheless, hyodeoxycholic acid admin-

istration did not lead to the elevation in free cholesterol

level in the serum and liver (Fig. 2). Moreover, CE levels

in the serum and liver were rather reduced following

hyodeoxycholic acid administration (Tables 1, 2). It has

already been demonstrated that dietary administration of

HDCA could suppress the absorption and augment the

secretion of cholesterol in the small intestine [17]. On the

other hand, we observed that the reductions in serum and

liver CE contents following hyodeoxycholic acid admin-

istration were associated with significant reductions in the

contents of 16:1n-7 and 18:1n-9 and a trend for the ele-

vation in the content of 18:0 (Tables 1, 2). These responses

might reflect the limited availability of MUFA for the

synthesis of CE due to a lower expression level of SCD1 in

the livers of mice fed the hyodeoxycholic acid diet (Fig. 3).

MUFA synthesis mediated by SCD1 is reported to be

required for the efficient synthesis of CE in the liver [22,

23]. However, serum CE is also generated by the esterifi-

cation of free cholesterol to fatty acids derived from serum

phosphatidylcholine through the action of lecithin-choles-

terol acyltransferase [24, 25]. The CE species synthesized

through this pathway contains polyunsaturated fatty acids

such as 18:2n-6 and 20:4n-6 [24, 25]. As shown, the con-

tent of 18:2n-6 was elevated, but that of 20:5n-3 was

reduced in serum CE in the mice fed the hyodeoxycholic

acid-supplemented diet compared with those in the mice

fed the control diet, as similarly observed for serum PL

(Table 1). Thus, a significant portion of serum CE is sus-

pected to be synthesized through the action of LCAT.

Determination of the activity of LCAT in serum would be

necessary to assess its role in the reduction in serum CE

contents by hyodeoxycholic acid. Thus, multiple steps in

the regulation of CE synthesis are suspected to be involved

in the reduction in serum and liver CE contents.

Hyodeoxycholic acid administration decreased the

content of liver TAG, which was associated with marked

reductions in the contents of 18:1n-9 and 16:1n-7

(Table 2). These results also suggest that the suppression of

fatty acid desaturation due to a reduced expression of

SCD1 mRNA in liver (Fig. 3) play a significant role in the

reduction in liver TAG contents following hyodeoxycholic

acid administration. However, the suppression of de novo

fatty acid synthesis, as suggested by the reduced expression

levels of ACC and FAS mRNA (Fig. 3), could contribute

to the reduction in the contents of 16:0 as well as liver

TAG following hyodeoxycholic acid administration. Thus,

more extensive studies are necessary to assess the role of

other enzymatic steps involved in the synthesis and
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Fig. 2 Free cholesterol contents in serum and liver of mice fed

control and hyodeoxycholic acid (HDCA) diets. Free cholesterol was

isolated from the total lipids in serum and liver and its content was

determined enzymatically. Each column and each bar represent mean

and SEM from five mice in each group, respectively. There was no

significant difference in free cholesterol levels in the serum and liver
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degradation of TAG in the reduction in liver TAG contents

by hyodeoxycholic acid administration.

Analysis of gene expression levels in the liver (Fig. 2)

suggests that hyodeoxycholic acid administration sup-

pressed SREBP1c-mediated de novo lipogenesis and fatty

acid desaturation leading to reduced MUFA synthesis in

the liver. It has already been reported that the administra-

tion of FXR-agonist bile acids such as chenodeoxycholic

acid [23] and cholic acid [3] can reduce TAG level through

the suppression of SREBP1c-mediated lipogenesis. We

showed that hyodeoxycholic acid administration exclu-

sively elevated hyodeoxycholic acid content, although

hyodeoxycholic acid has not been reported to be inert as an

FXR activator [27]. Concomitantly, the content of cholic

acid was markedly reduced, but those of chenodeoxycholic

acid and deoxycholic acid did not change following hyo-

deoxycholic acid administration (Fig. 4). Chenodeoxy-

cholic acid is recognized to be the most potent endogenous

FXR activator, whereas the potency of deoxycholic acid is

moderate, and cholic acid is recognized to be inactive [11,

28]. Interestingly, recent reports have demonstrated that a-

and b-muricholic acids act as endogenous antagonists of

FXR activation in the mouse enterohepatic tissues [29, 30].

Furthermore, it has also been shown that ursodeoxycholic

acid, although its level was relatively low and further

reduced following HDCA administration (Fig. 4), was

shown to possess a property similar to that of muricholic

acids in terms of being an antagonist of FXR [30]. The

ratios of FXR-antagonist to FXR-agonist bile acids in the

enterohepatic tissue (total contents of a-muricholic acid, b-

muricholic acid, and ursodeoxycholic acid to total contents

of chenodeoxycholic acid and deoxycholic acid) were 1.13

and 7.60 in the hyodeoxycholic acid diet and control diet

groups, respectively. These results imply that hyodeoxy-

cholic acid administration could increase FXR activity

through preferential reduction in the contents of FXR-

antagonist bile acids over those of FXR-agonist bile acids.

However, we should be careful for the above assumption

because it has not been defined yet whether hyodeoxy-

cholic acid is an FXR antagonist or not, which might lar-

gely influence its effect on the activity level of FXR in the

enterohepatic tissues. Thus, the effect of bile acid admin-

istration in vivo should also be investigated from the

viewpoint of the balance of bile acids with different

potencies to FXR in the enterohepatic tissues.

The contents of cholic acid and b-muricholic acid as

well as chenodeoxycholic acid were markedly reduced

upon hyodeoxycholic acid administration (Fig. 4), whereas

those of chenodeoxycholic acid, deoxycholic acid and a-

muricholic acid were not significantly reduced. Interest-

ingly, the content of hyocholic acid in the control mice was

negligibly low, but increased upon HDCA administration.

It has been reported that hyocholic acid could be synthe-

sized from hyodeoxycholic acid and chenodeoxycholic

acid through 7a-hydroxylation [31] and 6a-hydroxylation,

respectively [32]. Thus, hyodeoxycholic acid seems to

modify differentially the levels of individual bile acids in

the enterohepatic tissues, which is considered to be medi-

ated through the differential effects on the activities of

various bile acid-metabolizing enzymes. In addition, the

levels of bile acid transporters expressed in the liver as well

Table 2 Fatty acid contents of liver lipid fractions

Control HDCA p values

Liver CE

16:0 288.0 ± 34.18 327.0 ± 26.69 0.385

16:1n-9 4.525 ± 0.706 3.571 ± 0.500 0.287

16:1n-7 49.04 ± 10.42 14.81 ± 4.386 0.010

18:0 142.8 ± 30.43 113.5 ± 22.41 0.449

18:1n-9 200.3 ± 23.81 52.89 ± 7.538 <0.001

18:1n-7 8.067 ± 1.451 5.277 ± 0.886 0.122

18:2n-6 55.83 ± 8.596 28.11 ± 6.651 0.029

20:4n-6 48.33 ± 14.69 27.29 ± 13.40 0.317

22:6n-3 26.15 ± 7.561 13.06 ± 4.940 0.168

Total fatty acid 823.0 ± 71.66 585.5 ± 60.53 0.031

Liver TG

16:0 3,411 ± 357.6 2,362 ± 216.2 0.041

16:1n-9 91.65 ± 21.39 39.17 ± 6.369 0.059

16:1n-7 662.2 ± 97.82 322.8 ± 36.90 0.015

18:1n-9 6,355 ± 715.3 3,813 ± 396.8 0.017

18:1n-7 1,213 ± 96.88 911.4 ± 112.2 0.071

18:2 n-6 36.78 ± 5.899 44.15 ± 4.525 0.363

20:3 n-6 269.2 ± 157.3 38.27 ± 6.313 0.217

20:4 n-6 79.43 ± 11.20 45.40 ± 6.898 0.037

22:6 n-3 355.0 ± 49.51 319.8 ± 50.00 0.632

Total fatty acid 12,604 ± 1,279 8,046 ± 798.6 0.018

Liver PL

16:0 2,878 ± 113.2 2,780 ± 87.43 0.509

16:1n-9 13.13 ± 3.002 8.733 ± 1.603 0.225

16:1n-7 193.3 ± 9.934 144.8 ± 10.68 0.008

18:0 2,108 ± 122.3 1,839 ± 146.4 0.189

18:1n-9 1,172 ± 71.16 1,029 ± 89.07 0.238

18:1n-7 243.0 ± 24.60 192.8 ± 12.17 0.098

18:2 n-6 1,712 ± 67.42 1,376 ± 55.53 0.003

20:3 n-6 10.16 ± 1.131 9.174 ± 0.384 0.430

20:4 n-6 1,445 ± 57.22 1,383 ± 47.72 0.422

20:5 n-3 408.7 ± 25.99 191.7 ± 19.91 <0.001

22:6 n-3 1,572 ± 73.23 1,644 ± 68.82 0.491

Total fatty acid 11,824 ± 396.9 10,638 ± 439.5 0.073

Fatty acid contents (lg/g liver) in the liver lipid fractions obtained

from five mice in each diet group are shown

p values obtained from Student’s t test are shown in the right lane,

which are in bold when the difference is statistically significant

(p \ 0.05)
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as the intestines are involved in the regulation of the levels

of bile acids in the enterohepatic tissues [33]. Both the

changes in the expression levels of enzymes and

transporters regulating the enterohepatic levels of bile acids

are also regulated by FXR activity [11]. As mentioned

above, hyodeoxycholic acid itself is recognized as an inert
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Fig. 3 Expression levels of

mRNA in the livers of mice fed

the control and hyodeoxycholic

acid (HDCA) diets. Total RNA

extracted from the livers of the

mice fed the test diets and the

specific sequences of cDNA

derived from the above mRNA

were amplified by PCR using

the respective primers shown in

Table 1. The relative values

compared with the value of 18S

ribosomal RNA are shown.

Each column and each bar

represent mean and SEM from

five mice in each group,

respectively. The p values

obtained from Student’s t test

are shown above each panel. NS

not significant (p [ 0.05)
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FXR agonist [27], although this bile acid could augment

FXR activity levels though the modification of FXR-

antagonist/FXR-agonist balance in enterohepatic tissues

(Fig. 4). A similar mechanism might be involved in the

regulation of bile acid profiles by HDCA administration.

On the other hand, we should also focus on the role of

hyocholic acid, which appeared in the enterohepatic tissues

following hyodeoxycholic acid administration (Fig. 4).

Similar to hyodeoxycholic acid, hyocholic acid has been

reported to be an inert bile acid for FXR activation [34],

although its interaction with FXR-agonist bile acids is also

unknown. Thus, we need more detailed data on how hyo-

deoxycholic acid alters bile acid compositions in differ-

ential parts of enterohepatic tissues from viewpoints of the

activities of bile acid-metabolizing enzymes and their

transporters as well as of the rates of biliary bile acid

output.

Note that small, but significant reductions in the con-

tents of 18:2n-6 and 20:5n-3 in the extensive lipid fractions

from serum and liver were induced in the hyodeoxycholic

acid-supplemented diet group compared with the control

diet group (Tables 1, 2). Similar changes in the contents of

18:2n-6 and 20:5n-3 were shown in the mice fed the pig

bile-supplemented diet [14], suggesting that these changes

are mediated by hyodeoxycholic acid contained in pig bile.

The contents of these fatty acids largely change depending

on the differences in the contents of n-6 and n-3 PUFA in

the diet [35], whereas these contents in the control and

hyodeoxycholic acid diets were quite similar. On the other

hand, 20:5n-3 is also generated from dietary 18:3n-3

through chain elongation and desaturation mainly in the

liver [36]. Therefore, further studies are necessary to elu-

cidate the reason for the difference in the contents of 18:2n-

6 and 20:5n-3 between the control and hyodeoxycholic

acid diet groups in terms of the effects on the incorporation

of diet-derived n-6 and n-3 precursor fatty acids as well as

their elongation and desaturation. We should also mention

that the reduction in the contents of 20:5n-3 in tissues

would augment the synthesis of 20:4n-6-derived eicosa-

noids with higher proinflammatory potencies [37] and

reduce the synthesis of anti-inflammatory 20:5n-3-derived

eicosanoids [38]. Therefore, the effect of the administration

of hyodeoxycholic acid on inflammatory responses should

be further investigated.

In this study, we demonstrated that hyodeoxycholic acid

exerts the hypolipidemic effect in mice, in which differ-

ential regulations of lipogenesis and fatty acid desaturation

in different lipid fractions of the serum and liver are sug-

gested to be involved. We also mention that significant

portions of the effects of hyodeoxycholic acid administra-

tion overlap with those of the administration of pig bile

containing hyodeoxycholic acid [14], suggesting that

hyodeoxycholic acid plays an important role in the hypo-

lipidemic effect of pig bile. However, the effects of hyo-

deoxycholic acid administration on the expression levels of

proteins of lipogenic enzymes as well as on the rates of

lipogenesis in the liver should be essentially investigated.

These assessments might be difficult in in vivo experi-

ments, but could be carried out more precisely in in vitro

systems using cultured liver cells. In addition, the estima-

tion of the intrinsic activity of hyodeoxycholic acid for

FXR as well as its interaction with other endogenous bile

acids in the enterohepatic tissues including liver are nec-

essary in future studies. As above, further studies are
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Fig. 4 Bile acid contents in enterohepatic tissues of mice fed control

and hyodeoxycholic acid (HDCA) diets. Total bile acid was extracted

from the enterohepatic tissues including those in the liver, gallblad-

der, and small intestines and treated with alkaline to hydrolyze

conjugated forms of bile acids. The contents of unconjugated bile

acids above were determined using liquid chromatography–mass

spectrometry. Bile acids with higher and lower contents are separately

shown in a and b, respectively. Each column and each bar represent

mean and SEM from five mice in each group, respectively. The

p values obtained from Student’s t test are shown above each panel.

CA cholic acid, CDCA chenodeoxycholic acid, DCA deoxycholic

acid, HCA hyocholic acid, MCA muricholic acid, UDCA ursodeoxy-

cholic acid, NS not significant (p [ 0.05)
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necessary to define the mechanism underlying the hyode-

oxycholic acid-induced hypolipidemic effect. However, the

therapeutic efficacy of hyodeoxycholic acid may be

expected for diseases mediated by the excess accumulation

of hepatic lipids such as steatosis and steatohepatitis [39].
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