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Abstract The bile acid (BA) composition in mice is substan-
tially different from that in humans. Chenodeoxycholic acid
(CDCA) is an end product in the human liver; however,
mouse Cyp2¢70 metabolizes CDCA to hydrophilic muricho-
lic acids (MCAs). Moreover, in humans, the gut microbiota
converts the primary BAs, cholic acid and CDCA, into deoxy-
cholic acid (DCA) and lithocholic acid (LCA), respectively.
In contrast, the mouse Cyp2al2 reverts this action and con-
verts these secondary BAs to primary BAs. Here, we gener-
ated Cyp2al2 KO, Cyp2c70 KO, and Cyp2al2/Cyp2c70
double KO (DKO) mice using the CRISPR-Cas9 system to
study the regulation of BA metabolism under hydrophobic
BA composition. Cyp2al2 KO mice showed the accumula-
tion of DCAs, whereas Cyp2¢70 KO mice lacked MCAs and
exhibited markedly increased hepatobiliary proportions of
CDCA. In DKO mice, not only DCAs or CDCAs but also
DCAs, CDCAs, and LCAs were all elevated. In Cyp2¢70 KO
and DKO mice, chronic liver inflammation was observed de-
pending on the hepatic unconjugated CDCA concentrations.
The BA pool was markedly reduced in Cyp2¢70 KO and DKO
mice, but the FXR was not activated. It was suggested that
the cytokine/c-Jun N-terminal kinase signaling pathway and
the pregnane X receptor-mediated pathway are the predomi-
nant mechanisms, preferred over the FXR/small heterodi-
mer partner and FXR/fibroblast growth factor 15 pathways,
for controlling BA synthesis under hydrophobic BA composi-
tion.2ll From our results, we hypothesize that these KO mice
can be novel and useful models for investigating the roles of
hydrophobic BAs in various human diseases.—Honda, A., T.
Miyazaki, J. Iwamoto, T. Hirayama, Y. Morishita, T. Monma,
H. Ueda, S. Mizuno, F. Sugiyama, S. Takahashi, and T. Ikegami.
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A mouse is the most commonly used laboratory animal
to extrapolate investigations regarding human metabo-
lism. However, numerous differences have been reported
between mice and humans. Bile acids (BAs), the end prod-
ucts of cholesterol catabolism, take part in the intestinal
digestion and absorption and are recycled via the entero-
hepatic circulation. The BA composition is a primary indi-
cator of the metabolic difference between mice and
humans (1). Certain BAs are ligands of nuclear and trans-
membrane G protein-coupled receptors and regulate lipid
and carbohydrate metabolism, inflammation, fibrosis, and
carcinogenesis (2). Therefore, the BA composition can be
a crucial factor for creating relevant mouse models of
human diseases (3, 4).

Abbreviations:  Asbt, apical sodium-dependent bile acid transporter;
ALP, alkaline phosphatase; ALT, alanine transaminase; BA, bile acid;
Bsep, bile salt export pump; CA, cholic acid; CAR, constitutive andro-
stane receptor; Cel2, chemokine (C-C motif) ligand 2; CDCA, cheno-
deoxycholic acid; CYP, cytochrome P450; CYP7AI, cholesterol
7a-hydroxylase; CYP8B1, 7a-hydroxy-4-cholesten-3-one 12a-hydroxylase;
DCA, deoxycholic acid; DKO, double KO; FGF15, fibroblast growth fac-
tor 15; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; HNF4a, he-
patocyte nuclear factor 4a; /1), interleukin 13; JNK, c-Jun N-terminal
kinase; LCA, lithocholic acid; LLCA-3S, lithocholic acid 3-sulfate; LLPS, li-
popolysaccharide; MCA, muricholic acid; MDCA, murideoxycholic
acid; Mdr, multidrug resistance protein; Mrp, multidrug resistance-asso-
ciated protein; Nicp, sodium-taurocholate cotransporting polypeptide;
PGCla, PPARYy coactivator la; PXR, pregnane X receptor; SHP, small
heterodimer partner; TCDCA, taurochenodeoxycholic acid; TDCA,
taurodeoxycholic acid; Tgfb1, transforming growth factor 31; TGRb5,
Takeda G protein-coupled receptor 5; TLCA, taurolithocholic acid;
TLCA-3S, taurolithocholic acid 3-sulfate; UDCA, ursodeoxycholic acid.

' To whom correspondence should be addressed.

e-mail: akirahonda-gi@umin.ac.jp
The online version of this article (available at http://www.jlr.org)
contains a supplement.

Copyright © 2020 Honda et al. Published under exclusive license by The American
Society for Biochemistry and Molecular Biology, Inc.
This article is available online at http://www.jlr.org


https://doi.org/10.1194/jlr.RA119000395
http://orcid.org/0000-0003-0902-8272
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.ra119000395&domain=pdf&date_stamp=2019-12-26

Although there are several differences between humans
and mice with respect to BA metabolism (5), the following
two reactions determine the characteristic phenotype associ-
ated with the BA composition in mice. First, most of cheno-
deoxycholic acid (CDCA), an end product in human liver, is
further metabolized to muricholic acids (MCAs) by CDCA
6B-hydroxylase in the mouse and rat liver (Fig. 1A). CDCA is
acytotoxic BA (6, 7) and is the most potent physiological ago-
nist of the FXR (NR1H4) (8, 9). In contrast, MCAs are cyto-
protective (7) and have antagonistic effects on FXR (10).

Second, the primary BAs, cholic acid (CA) and CDCA,
are 7a-dehydroxylated by intestinal bacteria and trans-
formed into the secondary BAs, deoxycholic acid (DCA)
and lithocholic acid (LCA), respectively. In mice and rats,
these secondary BAs are converted to primary BAs by the
hepatic BA 7o-hydroxylase (Fig. 1A). Compared with pri-
mary BAs, DCA and LCA are more effective in activating
the Takeda G protein-coupled receptor 5 (TGRb5) (11).
They are also more cytotoxic (6) and promote carcinogen-
esis (12, 13). However, the biliary proportion of these
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Fig. 1. Cyp2al2and Cyp2c70are the genes responsible for hepatic BA 7a-hydroxylation and CDCA 68-hydroxylation. A: Comparison of BA

metabolism between human and mouse. B: Orthology among mouse, rat, and human CYP genes. C: Species difference, sexual dimorphism,
and tissue distribution of microsomal BA 7a-hydroxylase and CDCA 6B-hydroxylase activities. GDCA, glycodeoxycholic acid. Data are repre-
sented as means of duplicate assay. D: Methods for narrowing down candidate mouse genes encoding BA 7a-hydroxylase and CDCA 6p3-
hydroxylase using orthology, tissue distribution, and sexual dimorphism data of Cyp. E: LC-selected reaction monitoring chromatograms
(24) of taurocholic acid (TCA) and TCDCA in extracts obtained from the incubation mixture of recombinant rat CYP2A1, NADPH generat-

ing system, and TDCA or

TLCA.
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secondary BAs in mice is markedly low (less than 3%) (14)
compared with that in humans (~20-30%) (15).

The specific rodent genes responsible for the CDCA 6f3-
hydroxylation and BA 7a-rehydroxylation were not deter-
mined for a long time. However, Takahashi et al. (16)
recently found that MCAs were not detected in liver sam-
ples of Cyp2¢cluster-null mice (17). They, therefore, con-
cluded that Cyp2c¢70was necessary for the 6p3-hydroxylation
of CDCA in mice. However, the specific rodent genes re-
sponsible for hepatic BA 7a-rehydroxylation were still not
determined until recently. An early study on the purifica-
tion and characterization of rat liver taurodeoxycholic acid
(TDCA) 7o-hydroxylase showed that BA 7a-rehydroxylation
was catalyzed by a cytochrome P450 (CYP) enzyme (18).
Another study using liver-specific CYP oxidoreductase
KO mice showed that biliary TDCA levels were mark-
edly elevated after feeding CA (19), suggesting that 7a-
rehydroxylation of BAs is catalyzed by CYP enzyme(s).

In this study, we first identified the mouse and rat genes
encoding BA 7o-hydroxylase and CDCA 6B-hydroxylase
through a new approach using orthology, tissue distribu-
tion, and sexual dimorphism data of CYP (20, 21). Then,
we generated double KO (DKO) mice to examine BA me-
tabolism. These mice showed BA composition just as we
had expected, and the BA pool was markedly reduced.
However, much to our surprise, FXR was not activated.

MATERIALS AND METHODS

Materials

aMCA, BMCA, oMCA, tauro-aMCA, tauro-BMCA, and tauro-
owMCA were purchased from Steraloids (Newport, RI). Taurohyo-
deoxycholic acid (THDCA), taurolithocholic acid 3-sulfate
(TLCA-3S), and LCA 3-sulfate (LCA-3S) were obtained from Cay-
man Chemical (Ann Arbor, MI). Pooled male mouse liver micro-
somes (CD1), pooled female mouse liver microsomes (CD1),
pooled male rat liver microsomes (Sprague-Dawley), pooled fe-
male rat liver microsomes (Sprague-Dawley), and pooled human
liver microsomes were purchased from BD Biosciences (Franklin
Lakes, NJ), and male CD1 mouse kidney microsomes were pur-
chased from Sekisui XenoTech (Kansas City, KS).

Animals

Cyp2a12”~ Cyp2¢70”’'~ DKO mice were generated using the
CRISPR-Cas9 system by the Laboratory Animal Resource Center,
University of Tsukuba (Ibaraki, Japan) and Charles River Labora-
tories Japan, Inc. (Kanagawa, Japan). Mice were kept under
pathogen-free conditions and a regular 12 h light-dark cycle (light
period: 0600-1800), with free access to standard chow and water.
This project was approved by the Animal Experiment Committees
of the University of Tsukuba, Charles River Laboratories Japan,
and Tokyo Medical University.

Generation of Cyp2al2™’~, Cyp2¢70~’~, and
Cyp2al2™'~ Cyp2¢70™'~ mice

The oligos, Cyp2al2 intron 2 CRISPR F (5-caccATAGT-
TAGGGGAAGCGACAT-3") and Cyp2al2 intron 2 CRISPR R
(5"-aaacATGTCGCTTCCCCTAACTAT-3"), Cyp2al2 intron 4
CRISPR F (5-caccGTCTTACAATCCAGGCGAGG-3) and Cyp2al2
intron 4 CRISPR R (5-aaacCCTCGCCTGGATTGTAAGAC-3"),
Cyp2c¢70 intron 1 CRISPR F (5-caccAGATGATTATTAGTGTA-
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CAG-3) and Cyp2¢70intron 1 CRISPR R (5-aaacCTGTACACTA-
ATAATCATCT-3), and Cyp2¢70 intron 2 CRISPR F (5-caccTG-
GAACAGTGACAAGAGCGA-3) and Cyp2c70 intron 2 CRISPR R
(5"-aaacTCGCTCTTGTCACTGTTCCA-3") were annealed and in-
serted into the Bbsl restriction site of the pX330 vector (Addgene
plasmid 42230). Constructed plasmids (circular) were designated
pX330-Cyp2al2intron 2, pX330-Cyp2al2intron 4, pX330-Cyp2c70
intron 1, and pX330-Cyp2¢70 intron 2.

Pregnant mare serum gonadotropin and human chorionic go-
nadotropin were injected into female C57BL/6] mice at 48 h in-
tervals, and the mice were mated with male C57BL/6] mice.
Fertilized ova were collected from the oviducts, and 5 ng/ul each
of pX330-Cyp2al2intron 2 and pX330-Cyp2al2intron 4 or pX330-
Cyp2¢70 intron 1 and pX330-Cyp2¢70 intron 2 were injected into
the pronuclei according to standard protocols (22). The injected
one-cell embryos were transferred into pseudopregnant CDI1
mice.

Using genomic DNA obtained from tail clippings, founder
(FO) mice were selected by PCR followed by direct sequencing as
described by Hoshino et al (23). The sequences of the oligonucle-
otide primer pairs used were forward (F): 5-GAGAGGCAAA-
TGGGAACAAA-3" and reverse (R): 5-AACAGGCAGAAGCAGG-
GATA-3" for WT Cyp2al2, F: 5-GAGAGGCAAATGGGAACAAA-%
and R: 5>"AGGACCTCGGGATGAGAAGT-3’ for mutant Cyp2al2,
F: 5"TCTTCTTGCCTTCAACAGCA-3" and R: 5-AACCATTGCA-
CAGAGCACAG-3 for WT Cyp2¢70, F: 5 TCTTCTTGCCTTCAA-
CAGCA-3" and R: 5-GAAAGCCCATGAGAGAGGAA-3’ for mutant
Cyp2c70, and F: 5-AGTTCATCAAGCCCATCCTG-3" and R: 5-
GAAGTTTCTGTTGGCGAAGC-3' for Cas9 detection.

FO mice for Cyp2al2mnull and Cyp2¢70-null were bred with
WT C57BL/6] mice to determine their germline competency.
A male F1 Cyp2a12”~ mouse was crossed with female C57BL,/6]
mice by in vitro fertilization using CARD HyperOva (Kyudo Co.,
Saga, Japan), and the resulting female Cyp2a12+/7 mice were
crossed with a male F1 Cyp2570+/_ mouse by in vitro fertiliza-
tion using CARD HyperOva. Then, these double heterozy-
gous Cyp2al12”~ Cyp2c¢70”~ animals were crossed to obtain
Cyp2al2”’~ Cyp2¢707 (2a12KO), Cyp2al2” Cyp2c70™~ (2¢70KO),
and Cyp2a12_/_Cych70_/ ~ (DKO) mice. All experiments reported
here were performed with subsequent generations of these
animals.

Sample collection from mice

Mice that were 10-12 weeks old [11.1 + 0.8 (mean + SD), n =
44] were used. After making them fast for 4 h with free access to
water, they were euthanized between 1100 and 1600 under com-
bination anesthesia with medetomidine, midazolam, and butor-
phanol. Their gallbladder, blood (serum), liver, small intestine,
cecal contents, and feces were collected immediately and frozen
at —80°C.

Determination of liver function tests

Serum activities of alanine transaminase (ALT) and alkaline
phosphatase (ALP) were determined by colorimetric assays using
Transaminase CII-Test Wako and LabAssay ALP (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan).

Determination of BA concentrations

BA concentrations were determined as described by Murakami
et al. (24) with minor modifications. Liver, small intestine, cecal
contents, and feces were solubilized in 5% KOH /water at 80°C for
20 min; this heating step was omitted for serum and bile samples.
After the addition of internal standards and 0.5 M potassium
phosphate buffer (pH 7.4), BAs were extracted with Bond Elut C18
cartridges and quantified by LC-MS/MS. Chromatographic
separation was performed using a Hypersil GOLD column



(200 x 2.1 mm, 1.9 wm; Thermo Fisher Scientific) at 40°C. The
mobile phase consisted of (A) 20 mM ammonium acetate buffer
(pH 7.5)-acetonitrile-methanol (70:15:15, v/v/v) and (B) 20 mM
ammonium acetate buffer (pH 7.5)-acetonitrile-methanol
(30:35:35, v/v/v). The following gradient program was used at a
flow rate of 150 pl/min: 0-50% B for 20 min, 50-100% B for
10 min, hold 100% B for 15 min, and re-equilibrate to 100% A
for 10 min. Detailed LC-MS/MS conditions are presented in sup-
plemental Table S1.

Determination of lipid concentrations

Serum and hepatic concentrations of total cholesterol and tri-
glycerides were measured by colorimetric assays using Cholesterol
E-Test Wako and Triglyceride E-Test Wako (FUJIFILM Wako
Pure Chemical Corporation), respectively. Biliary cholesterol and
phospholipid concentrations were determined by Cholesterol
E-Test Wako and Phospholipid C-Test Wako, respectively. Sterol
and oxysterol concentrations in the liver and serum were quanti-
fied using our previously described LC-MS/MS method (25).
Briefly, 5 ul of serum or 5 mg of liver tissue were incubated with
internal standards in 1 N ethanolic KOH at 37°C for 1 h. Sterols
were extracted with n-hexane, derivatized to picolinyl esters, and
analyzed by LC-MS/MS.

Enzyme assays

Microsomes and mitochondria were prepared from livers by
differential ultracentrifugation (26). Microsomal activities of BA
6B-hydroxylase and BA 7a-hydroxylase were measured as follows:
microsomes (100 pg of protein) were incubated for 20 min at
37°C with 200 pM of each BA (dissolved in 10 pl of 50% acetone
in water), NADPH (1.2 mM), glucose-6-phosphate (3.6 mM),
1 unit of glucose-6-phosphate dehydrogenase, and 100 mM of po-
tassium phosphate buffer (pH 7.4) containing 0.1 mM of EDTA
in a total volume of 250 wl. The incubation was stopped by the
addition of 10 pl of 8.9 M aqueous KOH solution. After the addi-
tion of internal standards and 0.5 M potassium phosphate buffer
(pH 7.4), BAs were extracted with Bond Elut C18 cartridges and
quantified by LC-MS/MS as described above. Instead of using
microsomes, recombinant rat CYP2A1 (Supersome) prepared
from insect cells (Corning, NY) was used to determine BA
7o-hydroxylation.

Microsomal HMG-CoA reductase activity was measured by
LC-MS/MS method, as described previously (27). The activities of
microsomal cholesterol 7a-hydroxylase (CYP7A1) (28), mitochon-
drial cholesterol 27-hydroxylase (CYP27A1) (28), and microsomal
oxysterol 7a-hydroxylase (CYP7B1) (29) were measured accord-
ing to our stable-isotope dilution MS method except that LC-MS/
MS was used instead of GC-MS to quantify 7a-hydroxycholesterol,
27-hydroxycholesterol, 7a,27-dihydroxycholesterol, and their iso-
topic variants (25). Microsomal 7a-hydroxy-4-cholesten-3-one
12a-hydroxylase (CYP8B1) activity was determined as described
previously (30) except that [2H7]70L,27-dihydroxycholesterol
was used as an internal standard and LC-MS/MS was employed
instead of HPLC to quantify 7a,12a-dihydroxy-4-cholesten-3-
one (25).

mRNA measurements

An aliquot of the liver and terminal ileum specimen were col-
lected in RNAlater (Thermo Fisher Scientific) and stored at
—80°C until RNA isolation. Total RNA was extracted using an
RNeasy Plus Mini Kit (QIAGEN). Reverse transcription was per-
formed on 4 pg of total RNA using a Transcriptor High Fidelity
c¢DNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany).
Real-time quantitative PCR was performed on cDNA aliquots with
the FastStart DNA Master’ SYBR Green I and a LightCycler
(Roche). The sequences of the oligonucleotide primer pairs used

to amplify mRNAs are shown in supplemental Table S2. PCR am-
plification began with a 10 min preincubation step at 95°C, fol-
lowed by 45 cycles of denaturation at 95°C for 10 s, annealing at
62°C for 10 s, and elongation at 72°C for 16 s. The relative con-
centration of the PCR product derived from the target gene was
calculated by the comparative Ct method, and results were stan-
dardized to the expression of Gapdh. The specificity of each PCR
product was assessed by melting curve analysis.

Determination of serum FGF15 concentrations

Serum concentrations of fibroblast growth factor 15 (FGF15)
were measured using mouse FGF15 ELISA kit (catalog
#MBS2700661; MyBiosource, Inc., San Diego, CA), according to
the manufacturer’s instruction.

Determination of serum LPS and TNF« concentrations

Serum concentrations of lipopolysaccharides (LPSs; endo-
toxin) and TNFa were quantified using ToxinSensor™ Chromo-
genic LAL Endotoxin Assay Kit (catalog #1.00350; GenScript USA
Inc., Piscataway, NJ) and LBIS Mouse TNF-a ELISA Kit (catalog
#AKMTNFA-011; FUJIFILM Wako Shibayagi, Gunma, Japan), re-
spectively, according to the manufacturers’ instructions.

Histopathological examination

An aliquot of the liver was fixed in 10% neutral buffered forma-
lin and embedded in a paraffin block. Each paraffin block was
sectioned at 3 pm and the paraffin sections were stained using
hematoxylin/eosin.

Statistics

Data are expressed as the mean + SEM. The statistical signifi-
cance of differences between the results in the different groups
was evaluated using the Tukey-Kramer test or the Dunnett’s test.
For all analyses, significance was accepted at the level of P < 0.05.
Correlations were tested by calculating parametric Pearson’s cor-
relation coefficient, r, and nonparametric Spearman’s correlation
coefficient, 7, All statistical analyses were conducted using JMP
(version 10.0) software (SAS Institute, Cary, NC).

RESULTS

Cyp2al2is responsible for BA 7a-rehydroxylation

We first explored the mouse and rat genes encoding BA
7a-hydroxylase. To confirm the usefulness of our new
method, genes encoding CDCA 6B-hydroxylase [Cyp2¢70
is strongly suggested as a responsible gene (16)] were also
examined along with those encoding BA 7a-hydroxylase.
Mouse and rat genes encoding BA 7a-hydroxylase and
CDCA 6pB-hydroxylase must fall under any of 102 mouse
and 87 rat Cyp genes (20, 21) (Fig. 1B). Species difference,
sexual dimorphism, and tissue distribution with respect to
both enzymes were determined using commercially avail-
able microsomal fractions. Neither of the two enzyme ac-
tivities was detected in the human liver or mouse kidney.
Furthermore, sexual dimorphism of both enzyme activi-
ties was not observed in the mouse liver but was apparent
in the rat liver (Fig. 1C). From the 102 mouse Cyp genes,
we narrowed down to four candidate genes, Cyp2al2,
Cyp2a22, Cyp2¢70, and Cyp2d40 (Fig. 1D, supplemental
Table S3), using previously reported orthology, tissue dis-
tribution, and sex difference data (20, 21) as well as our
experimental observations (Fig. 1C).
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If Cyp2¢70 encodes for CDCA 6B-hydroxylase (16), the
gene encoding BA 7a-hydroxylase would be either Cyp2al2,
Cyp2a22, or Cyp2d40. Because mouse CYP2A12, rat CYP2A1,
and hamster CYP2A9 have homologous amino acid sequences
and similar testosterone 7a-hydroxylase activity (31), we
incubated recombinant rat CYP2A1 with TDCA and TLCA.
As a result, CYP2A1 catalyzed the 7a-rehydroxylation of
TDCA and TLCA (Fig. 1E), suggesting that Cyp2al2 is
responsible for BA 7a-rehydroxylation in mice. It is impor-
tant to note that Cyp2a22 may also encode for BA 7a-
hydroxylase in mice because it is highly homologous to
Cyp2al2 (96.2% mRNA identity). However, the hepatic
expression level of Cyp2a22 is extremely low (less than
3%) compared with that of Cyp2al2 (21). Therefore, we
finally concluded that Cyp2al2 was primarily responsible
for BA 7o-rehydroxylation in mice.

~, Cyp2c¢70~’", and

mice

Generatlon of Cyp2a1 27/
Cyp2a12 Cyp2070

We generated Cyp2al2/Cyp2¢70 DKO mice using the
CRISPR-Cas9 system (Fig. 2A, B). Founder (FO) mice were
selected by PCR genotyping (Fig. 2C, D) followed by the
detection of Cas9 (supplemental Fig. S1) and direct se-
quencing (supplemental Table S4). Finally, #4, #5, #44, and
#47 mice for Cyp2al2null and #17, #19, and #32 mice for
Cyp2¢70null were selected as FO mice. The FO mice were
bred with WT C57BL/6] mice, and PCR genotyping fol-
lowed by sequencing assay demonstrated that mice from #4,
#5, and #47 lines and those from #19 line had DNA se-
quences at CRISPR target sites, as predicted (supplemental
Table S5). Finally, a male F1 Cyp2al 2"~ mouse from the #4
line and a male F1 Cy[)Zc7U mouse from the #19 line were
used for subsequent studies. Amino acid sequences of mu-
tated CYP2A12 and CYP2C70 were compared with those of
the WTs (supplemental Table S6). After Cyp2al 27" Cyp2c70° /-
mice were produced, these double heterozygous animals
(28 males and 28 females) were crossed, and a total of
129 mice including Cyp2a12~/ cyp2c70*/ * (2a12KO),
Cyp2al 2" Cyp2¢707'~ (2c70KO), and Cyp2al2™’~ Cyp2c70™
(DKO) mice were obtained (Fig. 2E, supplemental Fig. S2).

To confirm that Cyp2al2 and Cyp2¢70 are indeed
responsible for BA 7a-rehydroxylation and CDCA 6p-
hydroxylation, respectively, enzyme activities were deter-
mined in the liver of WT, 2a12KO, 2c¢70KO, and DKO
mice. TDCA 7o-hydroxylase activities were reduced to ~10%
in 2a12KO and DKO mice compared with those in the
WT mice (Fig. 2F), whereas taurochenodeoxycholic acid
(TCDCA) 6B-hydroxylase activities were almost absent in
2¢70KO and DKO mice (Fig. 2G).

BA composmonm Cyp2a12 /- , Cyp2c70~ /= , and
Cyp2al 2/ Cy[)2c70 mice

Analysis of BA composition in the liver, gallbladder, small
intestine, and serum of 2a12KO, 2c¢70KO, and DKO mice
revealed that 2a12KO induced the accumulation of DCAs,
whereas 2¢70KO caused a complete replacement of MCAs
by CDCAs in both sexes (Fig. 3A—C; supplemental Figs. S3B,
S4A, B, D). Notably, not only DCAs or CDCAs but also DCAs,
CDCAs, and LCAs were all increased in the tissues of DKO
mice. In feces (Fig. 3D, supplemental Fig. $4C) and cecum
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(supplemental Fig. S3A), almost all BAs were deconjugated,
and most primary BAs were transformed into secondary BAs
(wMCA, DCA, and LCA) regardless of the genotypes.

The amounts of minor BA components in the enterohe-
patic circulation were calculated by adding the amounts of
BA in the liver, gallbladder, and small intestine. The previ-
ous report suggests that hyodeoxycholic acid (HDCA) and
murideoxycholic acid (MDCA) are synthesized from LCA,
and hyocholic acid (HCA) from HDCA (32). However,
HDCA and MDCA pools in DKO mice were small compared
with those in 2al12KO mice, although the former had a
much larger LCA pool than the latter (supplemental Fig.
S5). Therefore, bacterial 7a-dehydroxylation and 6-epimer-
ization of aMCA appear to be alternate pathways for the
production of MDCA and HDCA (supplemental Fig. S6). It
may be possible that HCA is also produced by bacterial
6-epimerization of aMCA. However, because 2¢70KO mice
had a larger HCA pool than WT mice, HCA is likely to be
synthesized by 6a-hydroxylation of CDCA. Sulfation of the
3a-OH position of LCA is catalyzed by sulfotransferase 2A1
expressed predominantly in female mice (32). Indeed, our
results showed that TLCA-3S and L.CA-3S were detected in
female mice in a 2a12KO-dominant manner (supplemental

Fig. S5).

Effects of BA composition on BA pool size and cholesterol
metabolism

By combining the amounts of all BAs in the liver, gall-
bladder, and small intestine, we calculated the total BA
pool in each group (Fig. 4A). The total pool size was larger
in females than in males and not significantly altered in
2a12KO mice. In contrast, 2¢70KO and DKO mice had a
markedly reduced pool size (by ~50%) in both sexes. BA
content by organ is also shown, and hepatic BA content was
significantly elevated in male 2¢70KO and female DKO
mice in spite of reduced total BA pool size. As a consequence
of the reduced pool size, fecal BA concentrations were also
decreased in 2¢70KO and DKO mice (Fig. 4B). In addition,
biliary proportions of cholesterol and phospholipid were
significantly elevated with a decrease in the BA pool in
male DKO mice (Fig. 4C).

Serum total cholesterol concentrations increased by 40%
in male 2¢70KO mice and decreased by 24% in male DKO
mice (Fig. 4D). Liver total cholesterol concentrations also
increased by 74% in male 2c¢70KO mice but were unchanged
in male DKO mice (Fig. 4E). In females, the total choles-
terol concentrations tended to be increased only in 2¢70KO
mouse serum; however, this increase was not statistically
significant. In contrast, no significant change in serum and
liver triglyceride concentrations was observed in either of
the KO groups (Fig. 4F, G).

To assess how the BA composition influences cholesterol
metabolism, cholesterol-related sterol concentrations were
quantified in serum and the liver. Levels of serum lathos-
terol and desmosterol, surrogate markers for cholesterol
biosynthesis, did not change significantly among the groups
(supplemental Fig. S7A). However, intestinal cholesterol
absorption, as estimated by serum sitosterol and campesterol,
was reduced in all the KO groups (supplemental Fig. S7A).
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Fig. 2. Disruption of Cyp2al2and Cyp2¢70 genes markedly reduces hepatic TDCA 7a-hydroxylase and TCDCA 6B-hydroxylase activities. A:
CRISPR target site in the Cyp2al2 gene and predicted cDNA and amino acid sequences of mutant Cyp2al2. Primers were designed for geno-
typing of mice to detect the 1,927 bp deletion of Cyp2al2induced by Cas9. The forward primer and reverse primer for WT amplify the WT
allele (676 bp), and the forward primer and reverse primer for mutant amplify the mutant allele (430 bp). B: CRISPR target site in the
Cyp2¢70 gene and predicted cDNA and amino acid sequences of mutant Cyp2¢70. Primers were designed for genotyping of mice to detect
the 1,272 bp deletion of Cyp2¢70 induced by Cas9. The forward primer and reverse primer for WT amplify the WT allele (662 bp), and the
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Hepatic TDCA 7a-hydroxylase (F) and TCDCA 6B-hydroxylase (G) activities in WT, 2a12KO, 2¢70KO, and DKO mice (n = 4). Each column
and error bar represents the mean and SEM. ¥*P< 0.05, *¥P < 0.005, and ***P < 0.0001 were considered significantly different by the Tukey-

Kramer test.
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Fig. 3. DKO mice have human-like hydrophobic BA composition. Individual organs and feces were col-
lected from 44 mice (n =6, 7, 4, 10, 5, 4, 4, and 4 for male WT, Cyp2al2KO, Cyp2c70KO, DKO, female WT,
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Fig. 4. BA pool size and cholesterol metabolism are markedly affected in 2¢70KO and DKO mice. A total of 44 mice (n =6, 7, 4, 10, 5, 4,
4, and 4 for male WT, 2a12KO, 2c¢70KO, DKO, female WT, 2a12KO, 2c¢70KO, and DKO, respectively) were euthanized at 11.1 + 0.8 (mean +
SD) weeks of age, and serum, individual organs, and feces were analyzed. A: The total amount of BAs in the enterohepatic circulation was
calculated by adding total BAs in the liver, gallbladder, and small intestine. B: BA concentrations in feces. C: Proportion (mole percent) of
BAs, cholesterol, and phospholipids in gallbladder bile. D-G: Total cholesterol concentrations in serum (D) and the liver (E) and total tri-
glyceride concentrations in serum (F) and the liver (G). Each column and error bar represents the mean and SEM. *P < 0.05, **P < 0.01,
##%P<0.001, and ****P < (.0001 were considered significantly different by the Tukey-Kramer test.

Serum 4f-hydroxycholesterol, which is synthesized by
CYP3A and a marker for CYP3A activity, was significantly
elevated in DKO mice (supplemental Fig. S7A). Other oxy-
sterols and desmosterol in the liver are physiological li-
gands of the LXRa (NR1H3) (33), and the only desmosterol
in male DKO mice was significantly increased (supplemen-
tal Fig. S7B).

Effects of BA composition on key enzymes in BA synthesis

To clarify the reason for the reduction of BA pool size in
2¢70KO and DKO mice, we measured hepatic activities of
key enzymes in the BA biosynthetic pathways (Fig. 5).
CYP7AL, the rate-limiting enzyme in the classic BA biosyn-
thetic pathway, was female-dominant and decreased by
more than 50% in male 2¢70KO and DKO mice and by
more than 80% in female 2c¢70KO and DKO mice. CYP8BI,

an essential enzyme for CA production, was markedly de-
creased by ~93% in both sexes of 2¢70KO mice, but not
significantly decreased in DKO mice. CYP27A1, the first
enzyme in the alternative BA biosynthetic pathway, was not
significantly changed among the groups. CYP7B1, an oxy-
sterol 7o-hydroxylase in the alternative BA biosynthetic
pathway, was male-dominant and was markedly decreased
by ~60% in male 2¢70KO and DKO mice and by ~50% in
female 2c¢70KO and DKO mice. Although the hepatic
mRNA expression levels of these key enzymes were not
completely consistent with the enzyme activities, they were
enough to indicate the change in enzyme activities. Under
most physiological conditions, there is a covariation be-
tween BA biosynthesis and cholesterol biosynthesis (34).
However, HMG-CoA reductase activities and mRNA ex-
pression levels of related genes were not decreased in
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Fig. 5. BA biosynthesis is downregulated in 2¢70KO and DKO mice. Liver samples were collected from 44 mice (n =6, 7,4, 10, 5, 4, 4, and
4 for male WT, 2a12KO, 2c¢70KO, DKO, female WT, 2a12KO, 2¢70KO, and DKO, respectively) at 11.1 + 0.8 (mean + SD) weeks of age. RNA
was extracted and hepatic microsomal and mitochondrial fractions were prepared for enzyme assays. Hepatic activities and mRNA expres-
sion levels of key enzymes in the BA and cholesterol biosynthetic pathways were determined. mRNA expression levels were standardized to
those of Gapdh, and the mean expression levels in male WT mice were set to 1.0. Each column and error bar represents the mean and SEM.
*P<0.05, #P<0.01, ¥*P<0.001, and ****P< 0.0001 were considered significantly different by the Tukey-Kramer test.

2¢70KO and DKO mice (Fig. 5), and this result was sup-
ported by normal serum lathosterol and desmosterol con-
centrations (supplemental Fig. S7A). Therefore, it is
suggested that cholesterol biosynthesis is preserved under
reduced BA synthesis owing to the compensation for re-
duced cholesterol absorption (supplemental Fig. S7A).

Effects of BA composition on the activities of nuclear
receptors

It is established that FXR is a BA receptor controlling
hepatic BA biosynthesis through the expression of a small
heterodimer partner (SHP; NROB2) in the liver and the
induction of FGF15 in the small intestine (35). Because
CDCA is the most potent physiological agonist (8, 9) and
MCAs are antagonists of FXR (10), marked activation of
FXR was expected in 2¢70KO and DKO mice. However,
Shp and bile salt export pump (Bsep), which must be up-
regulated by the activation of FXR in the liver (36), were
not significantly changed in either type of mouse (Fig. 6A).
Sodium-taurocholate cotransporting polypeptide (Ntcp)
and multidrug resistance-associated protein (Mrp) 4, which
should have been downregulated by the activation of FXR
(37, 38), were not suppressed in DKO mice; however, Nicp
was suppressed only in male 2c¢70KO mice (Fig. 6A). In
addition, serum FGF15 concentrations and the expression
levels of intestinal Fgf15 and another intestinal FXR target
gene, apical sodium-dependent BA transporter (Asbt) (39),
did not change significantly among the groups (Fig. 6E).

Other nuclear receptors, such as pregnane X receptor
(PXR; NR112), PPARa (NR1C1) and LXRa, are also known
to regulate Cyp7al expression. Hepatocyte nuclear factor
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40 (HNF40; NR2A1) complexed with PPARYy coactivator
la (PGCla) is necessary to transactivate Cyp7al. Activated
PXR stimulates dissociation of PGCla from HNF4a and
results in the suppression of Cyp7al expression (40, 41).
Cyp3all, multidrug resistance protein (Mdr) Ia, and Mrp2
are all target genes for PXR and the constitutive androstane
receptor (CAR; NR1I3), and Mrp4is a target gene for CAR
(42). The expression levels of these four genes (Fig. 6A, B)
and the serum 4f-hydroxycholesterol concentration (sup-
plemental Fig. S7A) strongly suggest that PXR (and maybe
CAR) are activated, at least in DKO mice. In addition, the
activated PXR trans-represses Shp expression (41, 43). This
is probably one of the reasons why Shp is not significantly
upregulated in DKO mice (Fig. 6A).

PPARa is another nuclear receptor that downregulates
Cyp7al by interfering with the transactivation of Cyp7al by
HNF4a (44). Mdr2is a target gene for PPARq, and the ex-
pression was upregulated in male DKO mice (Fig. 6D), in
accordance with an increased phospholipid proportion in
the bile (Fig. 4C).

In contrast to FXR, PXR, and PPAR«a, LXRa is a positive
regulator of Cyp7al expression in mice. Srebpl, acetyl-CoA
carboxylase 1 (Accl), Abcal, Abcg5, and AbcgS are all target
genes for LXRa. The expression levels of these five genes
(Fig. 6C) and increased biliary proportion of cholesterol
(Fig. 4C) suggest that LXRa is activated in male DKO mice.

Inflammatory cytokines inhibit BA biosynthesis in 2c¢70KO
and DKO mice

The fertility of 2¢70KO mice was markedly low and that
of DKO mice was slightly low compared with that of WT
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Fig. 6. Downregulation of BA biosynthesis is not caused by the activation of FXR in 2¢70KO and DKO mice. Serum, liver, and terminal il-
eum were collected from 44 mice (n=6, 7, 4, 10, 5, 4, 4, and 4 for male WT, 2a12KO, 2c¢70KO, DKO, female WT, 2a12KO, 2¢70KO, and DKO,
respectively) at 11.1 = 0.8 (mean + SD) weeks of age. RNA was extracted from the liver and the terminal ileum. A: Hepatic mRNA expression
levels of Fxrand related genes. B: Hepatic mRNA expression levels of Pxrand related genes. C: Hepatic mRNA expression levels of Lxra and
related genes. D: Hepatic mRNA expression levels of Ppara and a related genes. E: Serum concentrations of FGF15 and mRNA expression
levels of Fxrand related genes in the terminal ileum. mRNA expression levels were standardized to those of Gapdh, and the mean expression
levels in male WT mice were set to 1.0. Each column and error bar represents the mean and SEM. *P < 0.05, *¥P < 0.01, ***P < 0.001, and
w3k P < (0.0001 were considered significantly different by the Tukey-Kramer test.

mice. Furthermore, unexpected death within a week after
weaning (4 weeks old) was observed in 20-25% of both
types of mice. However, the growth of surviving animals was
good at least until 11 weeks of age (Fig. 7A). Liver weights
were significantly increased in male 2c¢70KO mice and fe-
male 2¢70KO and DKO mice (Fig. 7B), and serum ALT
and ALP activities showed changes that were similar to
changes in the liver weights (Fig. 7C, D). Histologic sec-
tions of liver from male 2¢70KO mice revealed diffuse bile
ductular reaction and necrosis of hepatocytes (~10%) with
notable infiltration of lymphocytes and neutrophils, sug-

gesting chronic hepatocyte damage and inflammation
(Fig. 7E). In male DKO mice, a slight bile ductular reaction
was seen, but necrosis of hepatocytes was not observed.
In female 2¢70KO and DKO mice, the degree of these his-
tologic findings was variable among individual mice depend-
ing on serum ALT levels. In contrast, liver histology showed
no significant findings in 2a12KO mice.

Hepatic mRNA expression levels of the inflammatory
cytokines interleukin 1B (£110), Tnfa, chemokine (C-C motif)
ligand 2 (Ccl2), and transforming growth factor 31 (7gfb1)
were all higher (3.9, 2.5, 3.2, and 1.5 times, respectively) in
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Fig. 7. CDCA concentrations correlate with mRNA expression levels of inflammatory cytokines and liver injury. A total of 44 mice (n = 6,
7,4, 10, 5, 4, 4, and 4 for male WT, 2a12KO, 2c70KO, DKO, female WT, 2a12KO, 2¢70KO, and DKO, respectively) were euthanized at the
age of 11.1 + 0.8 (mean + SD) weeks, and serum and the liver were analyzed. A-D: Comparison of body weight (A), liver weight (B), and
serum activities of ALT (C) and ALP (D) among genotypes. E: Representative histopathologic features of the livers from male WT, 2a12KO,
2¢70KO, and DKO mice. Hematoxylin/eosin stain. Scale bars, 100 pum. F: Hepatic mRNA expression levels of inflammatory cytokines and
Tgr5. mRNA expression levels were standardized to those of Gapdh, and the mean expression levels in male WT mice were set to 1.0. G: Hy-
drophobicity indices of total BAs in gallbladder bile. H: Concentrations of unconjugated hydrophobic BAs (CDCA, DCA, and LCA) in the
liver. I: Correlations between unconjugated CDCA concentrations and mRNA expression levels of inflammatory cytokines (11b, Tnfa, Ccl2,
and Tgfbl) in the liver. Shaded areas represent 95% confidence intervals of regression lines. Each column and error bar represents the mean
and SEM. *P< 0.05, ##P<0.01, #***P< 0.001, and ****P<0.0001 were considered significantly different by the Tukey-Kramer test, or signifi-
cant by Pearson’s correlation coefficient (7) or Spearman’s correlation coefficient (7).
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female WT mice than in male WT mice (Fig. 7F). In
2¢70KO and DKO mice, these cytokines were upregulated
depending on serum ALT levels. It has been suggested
that the activation of macrophage TGRb regulates the pro-
duction of inflammatory cytokines (11, 45-48). The ex-
pression level of hepatic Tgr5 was significantly elevated in
both sexes of 2c70KO mice (Fig. 7F), but this could be due
to monocyte infiltration.

Unconjugated and hydrophobic BAs in the enterohe-
patic circulation repress CYP7A1 via the production of
regulatory cytokines by macrophages (49). Biliary BA hy-
drophobicity indices were calculated (50), and we found
that 2¢70KO and DKO mice had much higher values than
WT and 2a12KO mice (Fig. 7G). However, the hydropho-
bicity indices were not sufficient enough to explain the
difference in cytokine production among the groups. Sub-
sequently, we compared the hepatic concentration of each
unconjugated hydrophobic BA (CDCA, DCA, and LCA)
among the groups and found that CDCA reflected the
synthesis of cytokines the most (Fig. 7H). Indeed, hepatic
unconjugated CDCA concentrations were positively corre-
lated with mRNA expression levels of 7110 in male mice
and those of Tnfa, Ccl2, and TgfbI in male and female mice
(Fig. 7I).

DISCUSSION

In this study, we demonstrated that BA 7a-rehydroxylation
in mice is primarily catalyzed by CYP2A12 and showed that
the disruption of Cyp2al2 and/or Cyp2¢70 results in a dra-

A WT /2a12 KO 2c70 KO

o

/7
i
=

e CYP7A1

/
Z._
P

i
(3

Hydrophilic BAs
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matic change in the BA composition in mice. Although the
conjugated amino acids (mainly glycine conjugated in
humans) and proportion of each BA are still different from
those in humans, the major components and hydrophobicity
of BAs in DKO mice are quite similar to those of humans.

Except for the BA composition, the reduced BA pool
size was characteristic of 2¢70KO and DKO mice. Because
CDCA is the most potent physiological agonist (8, 9) and
MCAs are antagonists (10) of FXR, we expected FXR to be
activated in 2¢70KO and DKO mice. However, no evidence
for the activation of FXR in these mice was obtained be-
cause hepatic expression levels of Shp and Bsep, ileal expres-
sion levels of Fgfl5 and Asbt, and serum concentrations of
FGF15 were not significantly different from those of WT
mice. Instead of the activation of FXR, stimulation of the
cytokine/c-Jun N-terminal kinase (JNK) signaling pathway
was suggested as the major mechanism behind the inhibi-
tion of BA biosynthesis in 2c70KO mice (Fig. 8A). This
FXR/SHP-independent and cytokine-mediated regulation
pathway was first reported by Miyake, Wang, and Davis
(49). They showed that unconjugated CDCA, but not con-
jugated CDCA, induces the expression of inflammatory cy-
tokines such as IL-18 and TNFa in hepatic macrophages
(Kupffer cells). These cytokines are secreted into the sinu-
soids and recognized by cytokine receptors on hepatic pa-
renchymal cells, thus causing activation of MAPK and the
JNK signaling pathway. The activation of the JNK pathway
downregulates Cyp7al and Cyp8bl by inhibiting HNF4«
and/or PGC-1a by activated cJun (51, 52). Moreover, in-
flammation-activated cellular signaling pathways modulate

MAPK <= TNFa, IL-1p

Fig. 8. BA metabolism in mouse models with hydro-
phobic BA composition. A: Compared with WT and
2a12KO mice, 2c70KO and DKO mice had reduced
BA synthesis and smaller BA pool sizes. FXR was not
significantly activated in 2¢70KO and DKO mice. In
2¢70KO mice, unconjugated CDCA induced inflam-
matory cytokines (TNFa, IL-1B, etc.) in hepatic mac-
rophages (Kupffer cells). The released cytokines
inhibit CYP7A1 and CYP8BI in hepatocytes through
signaling pathways, including the JNK pathway. In
DKO mice, LCA directly or indirectly activated PXR,
CAR, and PPARaq, which coordinately downregulates
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B CYP7A1, upregulates CYP8BI1, and inhibits cytokine
2 production in Kupffer cells. B: The ratio of CA-derived
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FXR activity by posttranslational modifications (phos-
phorylation, acetylation, and SUMOylation) (53-55), which
may deactivate FXR target genes including Skp, Bsep, and
Fegf15 in 2¢70KO and DKO mice. These results suggest that
the inflammation-activated signaling pathways are the pre-
dominant mechanism, preferred over the FXR/SHP and
FXR/FGF15 pathways, for regulating BA biosynthesis un-
der pathological conditions.

Cyp2c¢-cluster-null mice lacking MCAs have already been
reported (16), but the regulation of BA metabolism ap-
pears to be very different from that observed in our 2¢70KO
mice. In Gyp2¢-cluster-null mice, hepatic mRNA expression
levels of Cyp7al and CypSb1 were not significantly reduced,
and the hepatic CA/CDCA ratio was much higher than
that in 2¢70KO mice. Fecal BA analysis showed that the
deconjugation of TCDCA in Cyp2¢-cluster-null mice was im-
paired as compared with the 2¢70KO mice. Therefore, he-
patic concentrations of unconjugated CDCA were higher
in the 2c¢70KO mice than in the Cyp2¢cluster-null mice,
which induces pro-inflammatory cytokines, downregulates
Cyp7al and Cyp8bl, and reduces the CA/CDCA ratio in
2c¢70KO mice. Thus, the difference of BA metabolism be-
tween Cyp2c¢cluster-null mice and the current 2¢70KO
mice may be explained by different gut microbiomes be-
tween these two mouse models.

One might think that the changes in BA composition
may alter the structure of the gut microbiome that allows
more uptake of intestinal LPS and pro-inflammatory cyto-
kines from the gut. However, serum LPS and TNFa con-
centrations in 2c¢70KO mice were not significantly elevated
compared with those in WT mice (supplemental Fig. S8).
These results suggest that the hepatic inflammation in
2¢70KO mice was not the consequence of the pro-inflam-
matory cytokines derived from the gut.

Very recently, De Boer et al. (56) generated an acute
hepatic Cyp2c70 KO mouse model with CRISPR/Cas9-
mediated somatic genome editing. In this mouse model,
the liver inflammation was not severe, downregulation of
CypSb1 was little, and the CA/CDCA ratio was high com-
pared with our 2¢70KO mice. A major difference between
the acute hepatic Cyp2c¢70 KO mice and our whole-body
2¢70KO mice is that the former have significant amounts
of MCAs. As mentioned in (56), some functional CYP2C70
appears to still be present in the liver due to incomplete
inactivation of the Cyp2¢70 gene. Extrahepatic expression
of CYP2C70 may also contribute to the production of
MCAs to some extent, although Cyp2¢70 is expressed al-
most exclusively in the liver (57).

In comparison to 2¢70KO mice, DKO mice had de-
creased CDCAs and increased proportions of DCAs and
LCAs. LCA is an agonist of PXR and regulates the detoxifi-
cation of LCA (58, 59). In DKO mice, PXR appears to be
activated because hepatic mRNA expression levels of the
target gene Cyp3all and of its serum surrogate marker, 43-
hydroxycholesterol, were both elevated. Along with PXR,
CAR also plays a central role in LCA detoxification (60, 61)
although there is no current evidence that LCA is an ago-
nist of CAR. On the other hand, LCA may be an agonist of
PPARa (62), and the expression levels of Mdr2, a target
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gene of PPARa, were upregulated in DKO mice. Itis known
that the activation of PXR (40) and PPARa (44) downregu-
lates CYP7A1, whereas the activation of PXR (63), CAR
(64), and PPARa (65) upregulates CYP8B1 and an increase
in the ratio of CA to CDCA+BMCA (65). In fact, CYPS8B1
activity (Fig. 5) and the ratio of CA-derived BAs to CDCA-
derived BAs (Fig. 8B) were higher in DKO mice than in
2¢70KO mice. In addition, SHP is suppressed by LCA de-
pending on PXR and CAR (61), and the activation of PXR
may suppress the immune response in the liver (66). These
data suggest that BA biosynthesis in DKO mice is primarily
regulated by the activation of PXR/CAR/PPARa (Fig. 8A).

Apart from the basic characteristics of the regulation of
BA pool size in 2¢70KO and DKO mice, sex-related differ-
ences in BA metabolism (67-69) were also found in our
KO mice. The most notable sex difference was that liver
damage, as evaluated by liver weight, serum ALT activity,
liver histopathology, and hepatic expression levels of cyto-
kines, was obvious in male 2c¢70KO mice but significantly
attenuated in male DKO mice. In contrast, liver damage in
female 2c70KO mice was not as much as that observed in
male 2c¢70KO mice; however, the damage was not attenu-
ated in female DKO mice. One of the reasons for this dif-
ference is that female DKO mice have higher hepatic
unconjugated CDCA concentrations than male DKO mice
(Fig. 7H). Because the upregulation of CYP8BI1 in female
DKO mice is not as much as that in male DKO mice (Fig.
5), the production of CDCA is not inhibited like it is in
male DKO mice (Fig. 8B, supplemental Fig. S4).

It is noteworthy that liver damage was significantly attenu-
ated in male DKO mice compared with that in male 2¢70KO
mice. As mentioned above, we hypothesize that the major
mechanisms behind this attenuation were the reduction of
hepatic unconjugated CDCA concentrations and the sup-
pression of inflammatory cytokine production (66) through
the activation of PXR/CAR/PPAR«a. Because LLCAs and
DCAs, potent agonists of TGR5 (11), increased in DKO
mice, the roles of macrophage TGR5 in the regulation of
cytokine production may also be important. However, there
is no consensus regarding the fact that the activation of mac-
rophage TGRb leads to anti-inflammatory effects (11, 45—
48). In our female DKO mice, liver damage and cytokine
production were not reduced, although the concentrations
of LCAs and DCAs were higher than in male DKO mice (Fig.
3A). Therefore, it is unlikely that the activation of TGR5 was
the primary cause of the improvement in male DKO mice.

In the present study, we obtained additional new find-
ings regarding BA metabolism. First, conjugated BAs are
much better substrates for CYP2A12 and CYP2C70 than
unconjugated BAs in mice. Second, CYP2C70 metabolizes
CDCA to aMCA and ursodeoxycholic acid (UDCA) to
BMCA, but the accumulation of UDCA is much less than
that of CDCA in 2¢70KO mice, suggesting that in mice,
most BMCA is synthesized from CDCA via aMCA but not
via UDCA. Third, MDCA and HDCA are synthesized from
LCA by CYP3A. However, DKO mice have reduced pools of
MDCA and HDCA, although they have a markedly en-
larged LCA pool and levels of activated CYP3A. Therefore,
transformations of aMCA by intestinal bacteria appear to



be a major route to MDCA and HDCA in mice (supple-
mental Fig. S6).

BAs are biological detergents participating in the diges-
tion and absorption of lipids and are physiological regu-
lators of multiple receptors. The potencies of BAs as
detergents and regulators are determined by their molecu-
lar structures that are controlled by the liver; they are also
affected by gut microbiota. Therefore, the marked differ-
ence in the BA composition between mice and humans
suggests difficulty in extrapolating the results of mouse ex-
periments to humans. Recent studies on the roles of BAs in
mousse models of colorectal (70) and liver cancers (12, 71)
and metabolic diseases (72, 73) are very informative. It
would be intriguing if the same conclusions can be obtained
when our DKO mice are used instead of conventional
mice. In addition, the development of more pathophysio-
logically relevant mouse models for hepatobiliary diseases,
including nonalcoholic steatohepatitis (74), primary biliary
cholangitis (75), and primary sclerosing cholangitis (76),
are desired. The utilization of mice with human-like BA
composition may serve this purpose.

In summary, we identified principal enzymes respon-
sible for the differences in BA composition between
mice and humans and established and characterized
Cyp2al2/ Cyp2¢70 DKO mice with human-like BA com-
position. These DKO mice could be a useful model for
investigating the roles of hydrophobic and hydrophilic
BAs in various human diseases. B
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