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Abstract Here, we studied the effects of cytochrome P450
(CYP)3A deficiency on the mRNA expression of genes en-
coding regulators of hepatlc cholesterol levels usmg Cyp3a-
knockout (Cypj'a ”) mice. The mRNA expression levels of
genes encoding enzymes 1nvolved in cholesterol biosynthe-
sis in the livers of Cyp3a mice were higher than those of
wild-type (WT) mice. Nuclear levels of sterol regulatory ele-
ment-binding protein-2 (SREBP-2), which enhances choles-
terol biosynthesis, were also higher in the livers of Cyp3a
mice. Binding of SREBP-2 to the Hmgcs1 gene promoter was
more abundant in the livers of Cyp3a /~ mice. These results
suggest that deficiency of CYP3A enzymes enhances tran-
scription of genes encoding enzymes involved in cholesterol
biosynthesis via activation of SREBP 2. On the other hand,
hepatic cholesterol levels in Cyp3a mice were 20% lower
than those in WT mice. The mRNA expression levels of
genes encoding enzymes involved in bile acid synthesis,
plasma levels of 7a-hydroxy-4-cholesten-3-one and hepatlc
levels of total bile acid were significantly higher in Cyp3a
mice than in WT mice.ll These findings suggest that reduc-
tion of hepatic total cholesterol in Cyp}a mice would be
the consequence of enhanced bile acid synthesis. There-
fore, CYP3A enzymes appear to play roles in the synthesis of
cholesterol and bile acid in vivo.—Hashimoto, M., K. Kobayashi,
M. Watanabe, Y. Kazuki, S. Takehara, A. Inaba, S-i. Nitta,
N. Senda, M. Oshimura, and K. Chiba. Knockout of mouse
Cyp3a gene enhances synthesis of cholesterol and bile acid
in the liver. J. Lipid Res. 2013. 54: 2060-2068.
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Cholesterol has multifunctional roles as a component of
cellular membranes and a precursor of biological mole-
cules such as steroid hormones, oxysterols, vitamins, and
bile acids in humans and animals (1-4). The endogenous
synthesis of cholesterol is catalyzed by many enzymes
including HMG-CoA synthase 1 (HMGCSI), HMG-CoA
reductase (HMGCR), and squalene epoxidase (SQLE).
When cellular sterol levels are low, sterol regulatory ele-
ment-binding protein-2 (SREBP-2) is processed by pro-
teases and translocates into the nucleus. Nuclear SREBP-2
activates the transcription of genes encoding enzymes in-
volved in the biosynthesis of cholesterol (5). Thus, SREBP-2
is considered as a master regulator of cholesterol biosyn-
thesis (6).

Hepatic cholesterol levels are regulated by elaborate
networks such as influx, efflux, and conversion into bile
acids in addition to biosynthesis. Dietary cholesterol is
absorbed from the jejunum and transported to the liver
(7). A part of the cholesterol in the liver is enclosed in li-
poprotein and excreted into blood circulation. Hepatic
cholesterol is also secreted into the duodenum via the biliary
canaliculus. Most of the biliary cholesterol is reabsorbed
in the jejunum with dietary cholesterol and transported
back to the liver (7). Such behavior of cholesterol is regu-
lated by many transporters. For example, Niemann-Pick
Cl-like 1 (NPCIL1) imports cholesterol from the lumen
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into enterocytes of the intestine (8). At the basolateral
membrane of the intestine, ATP-binding cassette (ABC)Al
transports cholesterol into the bloodstream. In the liver,
ABCALI also functions at the basolateral surface to transport
cholesterol into the bloodstream (9). ABCG5 and ABCGS,
form a functional heterodimer complex that mediates the
secretion of cholesterol from hepatocytes into the biliary
canaliculus and also the apical efflux of cholesterol from
enterocytes into the lumen of the intestine (10, 11). He-
patic low density lipoprotein receptor (LDLR) is respon-
sible for uptake of LDL cholesterol from blood circulation
into hepatocytes (12). On the other hand, a part of the cho-
lesterol in the liver is metabolized to bile acids through
many steps catalyzed by enzymes such as cytochrome P450
(CYP)7A1 and CYP8BI (13). Bile acids are excreted into the
biliary canaliculus with cholesterol and then assist the absorp-
tion of biliary and dietary cholesterol in the intestine.

Members of the CYP3A subfamily are the most abundant
CYP enzymes in the liver and small intestine. CYP3A en-
zymes metabolize over 50% of drugs in clinical use and are
therefore closely involved in pharmacokinetics, drug inter-
actions, drug efficacy, and drug toxicity (14). CYP3A en-
zymes metabolize not only xenobiotics but also many
endogenous compounds such as cholesterol, bile acids, ste-
roid hormones, and vitamins. The extremely wide substrate
specificity of CYP3A enzymes has resulted in versatile physi-
ological functions of CYP3A (15-18). As for cholesterol, it
has been reported that human CYP3A4 mediates the con-
version of cholesterol into 43-hydroxy-cholesterol, an en-
dogenous oxysterol (19, 20). 4B-Hydroxy-cholesterol is
expected to be useful as an endogenous marker of CYP3A
because it is found in human circulation (18). In addition,
a recent study demonstrated that CYP3A was involved in
25-hydroxylation of cholesterol (21). 25-Hydroxy-cholesterol
acts as not only a precursor of bile acids but also a physiolog-
ically active oxysterol that suppresses SREBP-2 and down-
regulates cholesterol biosynthesis (22-24). However, the
roles of cholesterol metabolites formed by CYP3A in biosyn-
thesis of cholesterol have not been fully elucidated, particu-
larly in in vivo experiments.

The Cyp3aknockout (KO) (Cyp3a ’~) mouse is a valu-
able research tool in studies on drug metabolism and
drug-induced toxicity in vivo (25, 26). However, the physi-
ological role of CYP3A has not been clearly elucidated in
in vivo experiments. To reveal the role of CYP3A in choles-
terol homeostasis, we investigated the effects of CYP3A de-
ficiency on expression levels of genes responsible for
influx, efflux, metabolism, and biosynthesis of cholesterol
using Cypj’a_/_ mice.

MATERIALS AND METHODS

Chemicals

7a-Hydroxy-4-cholesten-3-one (C4) was purchased from Santa
Cruz (Santa Cruz, CA). 25-Hydroxy-cholesterol was purchased
from Steraloids (Newport, RI). Lathosterol was purchased from
Sigma (St. Louis, MO). Acetonitrile, chloroform, hexane, and
methanol were HPLC grade (Wako, Tokyo, Japan).

Animals

C57BL/6]Jcl mice (CLEA, Tokyo, Japan) were used as wild-type
(WT) mice. Recently, we generated Cy;b)"af/ " mice by targeted de-
letion of endogenous Cyp3a genes (27). Briefly, Cyp3al3 '~ lines
and Cyp3a57-59"" lines were generated by conventional gene tar-
geting and Cre-loxP-mediated chromosomal deletion, respectively,
and the two lines were mated to generate Cy[)j’Lf/ " mice lacking
the mouse Cyp3agene cluster. The distance between the Cyp3a57-59
gene cluster and a Cyp)"ab"*/ ~ gene is ~5 Mb and several genes
are located between the loci, so the two KO lines were generated
independently. It has been confirmed that the six genes on the
mouse Cyp3acluster (Cyp3al3/57/44/11/25/59) were expressed in
the livers and intestines of WT mice but not in those of Cy[))"([/ N
mice (27). Fetal specific Cyp3al6and female specific Cyp3a4l were
not detected at mRNA levels because only adult male mice were
used in this study (data not shown). In addition, a- and 4-hydroxy-
lation activities of triazolam, which are catalyzed by mouse CYP3A
(28) in the liver microsomes of Cyp3a_/ " mice, were less than 7%
of those in WT mice (supplementary Fig. I). These findings sug-
gest the complete deletion of CYP3A functions in Cyp3a /~ mice
used in the present study. The control genetic background is al-
most the same as Cy[ﬁa_/ " mice, because Cy[ﬁa_/ " mice were
backcrossed to C57BL/6]Jcl mice at least four times. All experi-
ments were done using male mice between 10 and 11 weeks of age.
Animals were kept in a temperature-controlled environment with
a 12 h light/dark cycle. The light-cycle hours were between 7:00
AM and 7:00 PM. The mice received a standard diet containing
0.1% cholesterol (CE-2, CLEA, Tokyo, Japan, supplementary
Table IT). Animals were sacrificed between 10:00 AM and 11:00 AM
without fast. The present study was conducted in accordance with
the guidelines for the Care and Use of Laboratory Animals, as ad-
opted by the Committee on Animal Research of Tottori University
and Chiba University.

RNA isolation and cDNA synthesis

Total RNA was isolated from tissue pieces of livers and small in-
testines. Because most of cholesterol is reabsorbed in the jejunum
(7), the upper parts of small intestines (1 cm segments collected at
10 cm from the pyloric region) were used. Total RNA was extracted
using ISOGEN (Nippon Gene, Tokyo, Japan) and purified using
RNeasy columns (Qiagen, Hilden, Germany) in accordance with
the manufacturer’s instructions, and then treated with RNase-free
DNase I (Wako Pure Chemicals, Osaka, Japan). The cDNA was
generated with a random hexamer by using a high-capacity cDNA
reverse transcription kit (Applied Biosytems, Foster, CA).

Analysis of mRNA levels

Expression levels were measured by quantitative real-time PCR
carried out on an Eco real-time PCR system (Illumina, Hayward,
CA). Expression levels of HMGCS1, HMGCR, SQLE, sterol regu-
latory element-binding factor 2 (SREBF2), ABCG5, ABCGS,
ABCAI, LDLR, NPCILI, CYP7Al, CYP8BI, CYP27A1, CYP7BI,
and small heterodimer partner (SHP) were measured by SYBR
Green-based real-time PCR using KAPA SYBR Fast ABI Prism
1000 (KAPA Biosystems, Woburn, MA). Specific primers for real-
time PCR are presented in supplementary Table II. The expres-
sion levels of mRNA were normalized with the expression level of
mouse GAPDH as an endogenous control gene.

Preparation of nuclear extracts

Nuclear and cytosol fractions were prepared from liver tissues.
Aliquots of frozen liver (about 100 mg) were homogenized in 1 ml
of lysis buffer (10 mM HEPES adjusted to pH 7.9, 1.5 mM MgCl,,
and 10 mM KCI) supplemented with protease inhibitor cocktail
set III (Calbiochem, La Jolla, CA) and 1 mM DTT. The liver
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homogenate was centrifuged at 10,000 g for 5 min at 4°C. The
supernatant (cytosol fraction) was removed and stored at —80°C.
The nuclear pellet was resuspended in 0.15 ml extraction buffer
(20 mM HEPES adjusted to pH 7.9, 2.5% glycerol, 0.42 M NaCl,
and 1.5 mM MgCl,) supplemented with 1 mM DTT and protease
inhibitor cocktail set III. The suspension was rotated at 4°C for
30 min and centrifuged at 20,000 g for 15 min at 4°C. The super-
natant from this spin was designated as the nuclear extract and
stored at —80°C until use.

Western blot analysis

Nuclear extracts (30 ug/lane) were separated by 10% SDS-poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose
membrane. After 1 h incubation with blocking buffer (0.05%
Tween 20 in PBS containing 3% skim milk), the membrane was
probed for 1 h at room temperature using a polyclonal anti-
SREBP-2 rabbit antibody (1:500 dilution, Ab2848; Abcam, Cam-
bridge, UK). A monoclonal anti-TATA-binding protein (TBP)
mouse antibody (1:2,000 dilution, Ab818; Abcam) was used as an
internal control. After washing, the membrane was incubated with
a peroxidase-conjugated secondary antibody for 1 h at room tem-
perature. The secondary antibodies used were anti-rabbit IgG
(1:100,000 dilution; Sigma-Aldrich, St. Louis, MO) and anti-mouse
IgG (1:5,000 dilution; Sigma-Aldrich) for anti-SREBP-2 and anti-
TBP antibodies, respectively. The primary and secondary antibod-
ies were diluted with 0.05% Tween 20 in PBS containing 3% BSA.
Protein bands were visualized by using ECL. Western blotting de-
tection reagents (GE Healthcare, Buckingham, UK), ImmunoStar
LD (Wako), and LAS-1000 plus (Fujifilm, Tokyo, Japan).

Chromatin immunoprecipitation assay

Liver tissue (100 mg) of WT and Cy[ﬁ(f/f mice was minced
and formaldehyde was added to a final concentration of 1%. Af-
ter rocking at room temperature for 15 min, glycine was added to
a final concentration of 0.125 M to stop the cross-linking. The
tissues were collected by centrifugation and were homogenized
by a dounce homogenizer in cold cell lysis buffer (5 mM PIPES,
pH 8.0, 85 mM KCl, 0.5% Nonidet P-40) supplemented with pro-
teinase inhibitor cocktail set III (Calbiochem). Nuclei pellets
were collected by centrifugation at 6,200 g for 10 min at 4°C and
resuspended in 400 wl of nuclei lysis buffer (50 mM Tris-HCI, pH
8.1, 10 mM EDTA, 1% SDS) supplemented with proteinase in-
hibitor cocktail set III (Calbiochem). Nuclei were sonicated be-
fore immunoprecipitation with polyclonal anti-SREBP-2 rabbit
antibody (ab28482; Abcam) or normal IgG (sc2027; Santa Cruz,
CA) overnight at 4°C. DNA in the precipitated samples was re-
verse cross-linked at 65°C for 6 h, and the DNA was recovered by
phenol/chloroform extraction and ethanol precipitation. DNA
samples were measured by semi-quantitative PCR with GoTaq®
Green Master Mix (Promega, Madison, WI) and quantitative
PCR using SYBR Green based real-time PCR with KAPA SYBR
Fast ABI Prism 1000 (KAPA Biosystems, Woburn, MA). PCR was
carried out with HmgesI-specific primers encompassing the sterol
regulatory element (SRE) site in the 5-flanking region (—348 to
—208 bp) and a region in intron 5 (+11,862 to +11,948 bp) as a
negative control. The PCR conditions were one cycle of predena-
turation at 95°C for 10 min, 45 cycles of denaturation at 95°C for
15 s, annealing at 58°C for 30 s, and elongation at 72°C for 15 s
The primers used are as follows: Hmgesl/SRE, 5-ATTGG-
TCGGAGAACCTCTC-3"and 5-AGGGGTGGGAACAAAGTCC-%';
Hmges1/negative control, 5-ATTAGACAGGATTTGGGGTCAC-
T-3" and 5"- GTCTACACTGCAAAGAGAGCAGG-%'.

Cholesterol analysis

Hepatic lipids were extracted according to the procedure of
Bligh and Dyer (29) with slight modification. Briefly, frozen liver
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tissues (about 5 mg) were homogenized and extracted with a
mixture of chloroform/isopropanol/Triton X-100 (7:11:0.1,
v/v/v). The organic layer was subjected to cholesterol determina-
tion after evaporation and resuspension in methanol. Total cho-
lesterol in liver and plasma was determined by use of a cholesterol
E-test kit (Wako) according to the manufacturer’s instructions.

Analysis of plasma lathosterol

Concentration of lathosterol in plasma was determined by an
HPLC method. To extract lipids, plasma (0.1 ml) was diluted with
0.1 ml of distilled water and vigorously mixed with 0.8 ml of hexane
for 1 min, and then centrifuged at 2,000 gfor 5 min. The superna-
tant (hexane layer) was transferred to a new tube and further ex-
tracted once with 0.2 ml of water. Separately the water layer was
further extracted twice with 0.8 ml of hexane. The hexane extracts
were combined and dried under vacuum. The residue was recon-
stituted with 0.1 ml of methanol, and 50 pl of reconstituted sample
was injected onto a Hitachi I-7000 HPLC system (Tokyo, Japan)
and Poroshell120 EC-C18 (3.0 x 100 mm, 2.7 wm) column (Agi-
lent Technology, Santa Clara, CA). The mobile phase consisted of
acetonitrile/methanol (8:2, v/v) at a flow rate of 0.6 ml/min. The
eluent was monitored at a wavelength of 235 nm.

Analysis of 25-hydroxy-cholesterol in the liver

Concentration of 25-hydroxy-cholesterol in the liver was deter-
mined by methods described elsewhere (21) with slight modifica-
tions. In brief, liver tissues (50 mg) were homogenized in 0.1 M
potassium phosphate buffer (pH 7.4) containing 4 mM MgCl,,
1 mM EDTA, and 30 mM nicotinamide. The homogenates were
incubated with 1 N ethanolic potassium hydroxide, extracted
with hexane, and derivatized to picolinyl esters. The samples
were analyzed by HPLC-MS/MS using Triple TOF 5600 System
(AB SCIEX, Framingham, MA).

Analyses of total bile acids and their intermediary
product C4

Bile acid levels in the liver were determined following bile acid
extraction of liver tissues. Briefly, liver tissues (200 mg) were ho-
mogenized in 1 ml of ethanol and heated at 85°C for 1 min and
then centrifuged at 1,000 g for 5 min. After the supernatant was
isolated, the precipitate was extracted twice with 1 ml of ethanol
and the combined extracts were dried under vacuum. The residue
was resuspended in 0.2 ml of 75% methanol and centrifuged at
14,000 gfor 10 min, filtered using a filter unit (0.45 wm; Millipore,
Billerica, MA), and dried under vacuum. The residue was reconsti-
tuted with 10 pl of 75% methanol. After dilution with distilled wa-
ter, the sample was analyzed by use of a total bile-test kit (Wako,
Tokyo, Japan) according to the manufacturer’s instructions.

The size of the bile acid pool was expressed as the sum of total
bile acid content in the liver, small intestine, and gallbladder per
100 g body weight. Bile acid content in the small intestine was de-
termined after extraction of small intestine tissues (200 mg) as de-
scribed for bile acid content in the liver. For the gallbladder, bile
drawn from the gallbladder was diluted with distilled water (2 ml/mg
tissue of empty gallbladder) and analyzed as described above.

Concentration of C4, an intermediary product in the synthesis
of bile acids, in plasma was determined by a HPLC method of
Lenicek et al. (30) with slight modifications. Plasma (0.2 ml) was
vigorously mixed with 2.5 ml of chloroform/methanol (2:1, v/v),
and centrifuged at 2,000 g for 3 min. After the upper phase was
discarded, the lower phase was mixed with 1 ml of 125 mM NaCl
in 50% methanol, and centrifuged as above. The lower phase was
dried under vacuum. The residue was reconstituted with 0.2 ml
of acetonitrile. Eighty microliters of reconstituted sample was in-
jected onto a Hitachi L7000 HPLC system (Tokyo, Japan) and a



CAPCELL PAK C18 UG120 column (4.6 mm x 250 mm, 5 pm,;
Shiseido, Tokyo, Japan). The mobile phase consisted of ace-
tonitrile /water (92:8, v/v) at a flow rate of 1.0 ml/min. The elu-
ent was monitored at a wavelength of 241 nm.

Statistical analysis

The number of mice in each group is described in the figure
and table legends. Data are shown as means = SEM or SD. Statisti-
cal analyses were performed by using Statcel (OMS, Saitama,
Japan). Comparison was made with Student’s ttest or Welche’s
ttest. P< (.05 was considered statistically significant.

RESULTS

Effects of CYP3A deficiency on expression levels of
enzymes involved in cholesterol biosynthesis

We measured the mRNA levels of HMGCS1, HMGCR,
and SQLE in the livers of WT and Cyp3a /™ mice in order
to investigate the effects of CYP3A deficiency on mRNA
expression of enzymes involved in cholesterol biosynthe-
sis. As shown in Fig. 1, expression levels of HMGCSI and
SQLE mRNAs in the livers of Cyp3a~’~ mice were signifi-
cantly higher than those of WT mice (5.4- and 4.9-fold,
respectively). Expression levels of HMGCR mRNAs in the
livers of Cyp3a7/ ~ mice showed a trend toward higher lev-
els than those of WT mice, although the differences were
not significant. Expression levels of HMGCSI and SQLE
mRNAs in the small intestine were similar between WT
and Cyp3a~’~ mice. Expression levels of HMGCR mRNAs
in the small intestines of Cyp3a /~ mice were 1.4-fold
higher than those of WT mice (supplementary Fig. II).

Effects of CYP3A deficiency on expression of SREBP-2

The Srebf2 gene encoding SREBP-2 is also known as a
target gene of SREBP-2 (6). As shown in Fig. 2A, expres-
sion levels of SREBF2 mRNA in the livers of Cyp3a /™ mice
were 1.9-fold higher than those of WT mice (P< 0.001). In
the small intestine, expression levels of SREBF2 mRNAs
were similar between WT and Cyp3a /™ mice (supplemen-
tary Fig. IT). Because mRNA expression levels of HMGCSI,
SQLE, and SREBF2 in the livers of Cyp)"a_/ " mice were
significantly higher than those of WT mice, we determined
nuclear levels of SREBP-2 protein in the livers of WT and
Cy[))"a_/_ mice. As shown in Fig. 2B, nuclear levels of
SREBP-2 protein in the livers of Cyp)"a_/ " mice were mark-
edly higher than those in WT mice.

Effects of CYP3A deficiency on SREBP-2 binding
to the SRE motif

To verify whether CYP3A deficiency affected binding of
SREBP-2 to an SRE motif in a genomic context, chromatin
immunoprecipitation (ChIP) assays were performed with
livers of WT and Cyp)"a_/_ mice. The Hmgesl promoter
contains a known SRE motif (31). The specific binding of
SREBP-2 to the SRE-containing region (—348 to —208 bp)
was significantly more abundant in the livers of Cyp)"a_/ N
mice than in the livers of WT mice (P < 0.01, Fig. 3). The
degree of binding of SREBP-2 to the negative control region
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Fig. 1. Expression levels of HMGCS1 (A), HMGCR (B), and
SQLE (C) mRNAs in the livers of WT and Cy[)j’aik (KO) mice.
Expression levels were normalized by expression levels of GAPDH
and are shown as means + SEM of six mice in each group. cDNAs
prepared from each mouse were used for triplicate determination.
##P<0.01 versus WT mice.

was low and showed no difference between WT and
Cyp3a”’~ mice.

Effects of CYP3A deficiency on cholesterol biosynthesis

Because transcription of genes encoding enzymes in-
volved in cholesterol biosynthesis is enhanced in
Cy[)j’a_/_ mice, we examined total cholesterol levels in
the plasma and livers, lathosterol levels in the plasma,
and 25-hydroxy-cholesterol levels in the livers of WT
and Cyp)"a_/_ mice. As shown in Table 1, body weight
and liver weight of Cyp)"a_/_ mice were higher than
those of WT mice. Total cholesterol levels in the livers
of Cypj"a_/_ mice were about 20% lower than those in
the livers of WT mice (P< 0.05), although no significant
difference was found in plasma total cholesterol levels
between WT and Cyp3a ' mice. Plasma lathosterol lev-
els, as an indicator of cholesterol biosynthesis (32),
showed a trend toward higher than those of WT mice,
although the difference was not significant. 25-Hydroxy-
cholesterol levels in the livers of Cyp3a7/7 mice were
significantly lower than those in the livers of WT mice
(P<0.05).
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Fig. 2. Expression levels of SREBP-2 in the livers of WT and KO
mice. A: Expression levels of SREBF2 mRNAs were normalized by
expression levels of GAPDH and are shown as means + SEM of six
mice in each group. cDNAs prepared from each mouse were used
for triplicate determination. ***P < 0.001 versus WT mice. B:
SREBP-2 protein was assessed using Western blotting of isolated
hepatic nuclear protein. TBP was used as a loading control.

Effects of CYP3A deficiency on expression levels of
cholesterol transporters

To investigate the mechanism of decreased hepatic total
cholesterol in Cyp3a '~ mice, we determined the mRNA ex-
pression levels of genes involved in the influx and efflux of
cholesterol. As shown in Fig. 4A, no significant differences
in expression levels of ABCGbH, ABCGS, ABCA1, and LDLR
mRNAs in the liver were found between WT and Cyp3a/~
mice. As shown in Fig. 4B, expression levels of ABCG),
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Fig. 3. SREBP-2 binding to Hmgcsl promoter (—348 to —208 bp)
in the livers of WT and KO mice. ChIP assay was performed using
anti-SREBP-2 antibody. Liver tissues from two mice in each group
were pooled and subjected to the assay. The immunoprecipitated
DNA, along with the DNA isolated before immunoprecipitation
(Input), were analyzed by semi-quantitative PCR (A) and quantita-
tive PCR (B). Signals were normalized to input DNA. Data are
means + SD of three independent determinations, each performed
in duplicate. *¥P < 0.01 versus WT mice.
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ABCGS8, and ABCA1 mRNAs in the small intestine were also
similar between WT and Cypj’a_/ " mice. Expression levels
of NPC1L1 mRNA in the small intestines of Cypj’af/ " mice
were 1.7-fold higher than those of WT mice.

Effects of CYP3A deficiency on bile acid biosynthesis

Synthesis and secretion of bile acids constitute a major
route for elimination of cholesterol from the liver (13). To
try to determine the mechanism of reduction of hepatic
cholesterol in Cy;b3a7/ ~ mice, we investigated expression
levels of four enzymes involved in bile acid biosynthesis.
The classical pathway of bile acid synthesis is initiated by
7a-hydroxylation of cholesterol catalyzed by CYP7AL,
which is a rate-limiting enzyme of this pathway (13). The
next product, C4, is metabolized to 7a,12a-dihydroxy-4-
cholesten-3-one by CYP8BI1. Then the resulting product is
converted ultimately into cholic acid (13). An alternative
pathway of bile acid synthesis is initiated by 27-hydroxylation
of cholesterol catalyzed by CYP27A1 (13). Subsequently,
27-hydroxy-cholesterol is metabolized to 7a,27-dihydroxy-
cholesterol by CYP7B1 (13) and 3B-hydroxy-5-cholestenoic
acid by CYP27A1 (13). As shown in Fig. 5, the expression
levels of CYP7A1, CYP8B1, and CYP7B1 mRNAs were sig-
nificantly higher in the livers of Cypj"af/ " mice than those
of WT mice (1.9-, 2.7-, and 3.3-fold, respectively). Expres-
sion levels of CYP27A1 and SHP mRNAs in the liver were
similar between WT and Cyp3a~’~ mice.

Because the expression levels of CYP7A1, CYP8BI1, and
CYP7BI were higher in the livers of Cyp3a /™ mice com-
pared with WT mice, we studied whether bile acid synthe-
sis was enhanced in Cyp3a~’~ mice. As shown in Fig. 6A,
plasma concentration of C4 was 1.6-fold higher in Cyp}af/ N
mice than in WT mice (P<0.05). As shown in Fig. 6B, total
bile acid levels in the livers of Cyp3a /™ mice were also sig-
nificantly higher than those of WT mice (P < 0.05). Bile
acid pool size of Cyp3a~’~ mice showed a trend toward
higher levels than those of WT mice, although differences
were not significant (Fig. 6C).

Effects of CYP3A deficiency on expression of target
genes of pregnane X receptor

Because activated pregnane X receptor (PXR) could
suppress transcription of the mouse Cyp7al gene (33, 34),
we measured the mRNA expression levels of target genes
of PXR in the livers of WT and Cyp3a /™ mice. The mRNA
expression levels of Mdrla in the livers of Cyp3a~’~ mice
were lower than those of WT mice, whereas expression lev-
els of OATP2, SULT2A1, CYP2C55, and CYP2B10 mRNAs
in the livers of Cyp3a /™ mice were higher than those of
WT mice (supplementary Fig. III).

DISCUSSION

In this study, we showed for the first time that mRNA
expression levels of enzymes (i.e., HMGCSI1 and SQLE)
involved in cholesterol biosynthesis were higher in the liv-
ers of Cyp)"a_/_ mice than in the livers of WT mice (Fig. 1).
We also found that expression levels of SREBP-2, which



TABLE 1. Parameters of cholesterol metabolism in WT
and Cyp3a~’~ mice
Genotype

Parameter WT Cyp3a7/7
Body weight (g) 23.7+0.3 27.7+1.1°
Liver weight (g) 1.0 +£0.03 1.5+0.07"
Plasma lathosterol (ng/ml) 32.1+2.0 41.3+79
Plasma total cholesterol (mg/dl) 63.4+9.8 82.6+7.5
Liver total cholesterol (mg/g) 2.8+0.14 2.2+0.03°
Liver 25-hydroxy-cholesterol (ng/g) 20.0+ 1.4 14.9 + 1.3°

Different groups of animals were used for measurements of plasma
lathosterol, plasma cholesterol, liver cholesterol, and liver 25-hydroxy-
cholesterol. Data for body and liver weight represent the mean + SEM
of nine mice in each group. Data for cholesterol and 25-hydroxy-
cholesterol levels are shown as means + SEM of three and six mice in
each group, respectively. Data for lathosterol levels are expressed as a
mean + SD of three independent determinations, using pooled plasma
from six mice.

“P<0.01 versus WT mice.

"P<0.001 versus WT mice.

‘P<0.05 versus WT mice.

activates the transcription of these genes (b, 6), were in-
creased in the livers of Cyjﬁa mice compared with those
in the livers of WT mice at the levels of mRNA and nuclear
protein (Fig. 2). In addition, results of the ChIP assay
showed that binding of SREBP-2 to the promoter region
of the Hmgesl gene was greater in the livers of Cyp3a /™
mice than in the livers of WT mice (Fig. 3). These results
clearly indicated that SREBP-2 was activated in the livers of
Cypj’a*/ ~ mice, resulting in enhancing transcription of genes
encoding enzymes involved in cholesterol biosynthesis.
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Furthermore, plasma levels of lathosterol in Cyp)"a_/ " mice
showed a trend toward higher than those of WT mice, al-
though the difference was notsignificant (Table 1). There-
fore, deficiency of CYP3A enzymes may increase cholesterol
synthesis.

Despite the fact that cholesterol biosynthesis was acti-
vated in Cyp)"a mice, total cholesterol levels in the liver
were decreased in Cy[73a " mice compared with those in
WT mice (Table 1). Because hepatic cholesterol levels are
regulated by influx, efflux, and conversion into bile acids
of cholesterol, we investigated mRNA expression levels of
cholesterol transporters and a rate-limiting enzyme in bile
acid biosynthesis in WT and Cyp3a /~ mice. Results of the
present study showed that deficiency of CYP3A enzymes
did not affect mRNA expression levels of ABCG)5, ABCGS,
ABCAIL, and LDLR in the liver (Fig. 4A). In the intestine,
mRNA expression levels of ABCGb, ABCG8, and ABCA1
were similar between WT and Cyp3a~’~ mice, and defi-
ciency of CYP3A enzymes did not decrease mRNA levels of
cholesterol influx transporter NPC1L1 (Fig. 4B). On the
other hand, mRNA levels of CYP7A1, CYP8B1, and CYP7B1
were significantly higher in Cy]))"a_/ " mice than in WT
mice (Fig. 5). Plasma concentration of C4 and total bile
acid levels in the liver were also significantly higher in
Cyp)"a_/_ mice than in WT mice (Fig. 6A, B). Therefore, it
is thought that reduction of hepatic total cholesterol in
Cyp3a’ mice was due to enhanced bile acid synthesis
rather than alteration in cholesterol transport in the intes-
tine and liver. This idea is supported by results of a previ-
ous study showing that hepatic total cholesterol in rat
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Fig. 4. Expression levels of ABCG5, ABCG8, ABCAI, LDLR, and NPCILI mRNAs in the livers (A) and intestines (B) of WT and KO mice.
Expression levels were normalized by expression levels of GAPDH and are shown as means + SEM of six mice in each group. cDNAs pre-
pared from each mouse were used for triplicate determination. *P < 0.05 versus WT mice.
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Fig. 5. Expression levels of CYP7A1 (A), CYP8BI (B), CYP27A1
(C), CYP7B1 (D), and SHP (E) mRNAs in the livers of WT and KO
mice. Expression levels were normalized by expression levels of
GAPDH and are shown as means + SEM of six mice in each group.
cDNAs prepared from each mouse were used for triplicate deter-
mination. ¥**P< (.01 and ***P< 0.001 versus WT mice.

CYP7A1 transgenic hamsters maintained on a Western-
type diet was decreased because of enhancement of bile
acid synthesis (35). Conversely, CYP7A1 mutation, which
leads to loss of active sites and function, resulted in sup-
pression of the classical pathway of bile acid synthesis and
substantial cholesterol accumulation in the human liver
(36). These findings suggest that reduction of hepatic to-
tal cholesterol in Cyp3a~’~ mice would be the consequence
of enhanced bile acid synthesis by CYP7A1, CYP8B1, and
CYP7BI.

In this study, we found that deficiency of CYP3A en-
zymes enhanced expression of CYP7A1 and CYP8BI (Fig.
5A, B). It is well known that the Cyp7al gene is transcrip-
tionally activated by liver X receptor o (LXRa) (37). How-
ever, no difference between WT and Cypj"a_/_ mice was
observed in the expression levels of ABCGb, ABCGS8, and
ABCALI, which were typical target genes of LXRa (Fig. 4)
(9, 38). Therefore, it was not suggested that deficiency of
CYP3A enzymes was involved in the activation of LXRa.
Expression of CYP7A1 and CYP8BI is regulated by farne-
soid X receptor (FXR), which suppresses the transcription
of genes through activation of SHP (39, 40). However, de-
ficiency of CYP3A enzymes did not affect the expression of
SHP mRNA (Fig. 5E). Expression of CYP7A1 is also sup-
pressed through activation of PXR (33, 34). If deficiency
of CYP3A enzymes could lead to deactivation of PXR
through decreased formation of PXR ligands, expression
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Fig. 6. Concentration of C4 in plasma (A), hepatic bile acid (B),
and bile acid pool size (C) of WT and KO mice. Plasma C4 concen-
trations are expressed as a mean + SD of triplicate determinations,
using pooled plasma from six mice. Hepatic bile acid levels were
expressed as means = SEM of three mice in each group. Bile acid
poolsize is determined as total bile acid from liver, gallbladder, and
intestine. The values of bile acid pool size were shown as means +
SEM of three mice in each group. *P < 0.05 versus WT mice.

of CYP7A1 might be increased. However, deficiency of
CYP3A enzymes increased the expression of four target
genes of PXR except for Mdrl (supplementary Fig. III).
Therefore, it is hard to consider that PXRs were deacti-
vated in the livers of Cypi’a_/ " mice compared with those
of WT mice. Taken together with these findings, enhanced
expression of CYP7AI and CYPSBI in Cyp3a /~ mice may
be regulated by factors except for LXRa, FXR, and PXR.
Further studies are needed to clarify the mechanism.

Several studies have shown that CYP3A enzymes are in-
volved in cholesterol metabolism. It has been reported that
CYP3A enzymes catalyze 43- and 25-hydroxylation of choles-
terol (18, 21). 43-Hydroxy-cholesterol was recently shown as
an LXR activator (41), whereas its role in the cholesterol
synthesis is unclear. On the other hand, 25-hydroxy-choles-
terol is well known to be a negative regulator in cholesterol
synthesis (23). 25-Hydroxy-cholesterol and other oxysterols
suppress cholesterol biosynthesis by suppressing proteolytic
activation of SREBP-2 (23). Although 25-hydroxy-cholesterol
is also produced by microsomal cholesterol 25-hydroxylase
(42), mitochondrial CYP27A1 (43, 44), and nonenzymatic
autoxidation of cholesterol (45), results of the present study
showed that levels of 25-hydroxy-cholesterol in the livers of
Cyp3a~’~ mice were significantly lower than those in WT
mice (Table 1). Therefore, it is suggested that deficiency of
CYP3A leads to reduction of 25-hydroxy-cholesterol synthe-
sis, resulting in activation of SREBP-2.



25-Hydroxy-cholesterol is metabolized to 7a,25-dihydroxy-
cholesterol by CYP7A1 and CYP7B1 (46). Results of the
present study showed that the expression of CYP7A1 and
CYP7BI in the livers of Cyp)"a_/ " mice were higher than
those of WT mice (Fig. 5). Therefore, upregulation of these
genes may also relate to the reduction of 25-hydroxy-choles-
terol and the activation of SREBP-2 in the livers of Cypj"cf/ N
mice. In addition, it is possible that deficiency of CYP3A en-
zymes enhanced bile acid synthesis with consumption of
cholesterol in the liver, resulting in compensatory upregula-
tion of cholesterol synthesis.

Interestingly, it has been reported that mice fed a
25-hydroxy-cholesterol-containing diet (0.25%) show de-
creased body weight relative to control mice fed the basal
diet (47). In this study, deficiency of CYP3A enzymes caused
an increase of body and liver weight (Table 1). Taken
together, decreased oxysterols appear to increase body and
liver weight of Cyp3a~’~ mice, although the mechanism
is unclear.

Activated SREBP-2 upregulates the expression of num-
bers of genes involved in cholesterol synthesis and uptake.
However, there are large differences in the effects of
SREBP-2 on the expression of mRNA (48). Therefore, no
change of the expression of LDLR mRNA in the livers of
Cyp)"a_/ " mice may be due to the small response to SREBP-2
activation.

The results of the present study showed that SREBP-2 is
activated in the livers of Cypi’a_/ " mice possibly due to re-
duction of the formation of 25-hydroxy-cholesterol and/
or other cholesterol metabolites, which may result in en-
hancement of the transcription of genes encoding en-
zymes involved in cholesterol biosynthesis. Interestingly, it
has been reported that feeding a low-cholesterol diet to
mice attenuates hepatic Cyp3all expression by activating
hepatic SREBP-2 (49). Activated SREBP-2 has been sug-
gested to interact with peroxisome proliferator-activated
receptor vy coactivator la (PGCla) in the mouse liver, re-
sulting in reduced PGCla recruitment to hepatocyte nu-
clear factor-4a on the Cyp3all promoter and subsequent
downregulation of Cyp3all expression (49). Conversely,
feeding high-cholesterol diets to rats has been reported to
increase expression and activity of CYP3A (50). Similarly,
a cholesterol and cholic acid-supplemented diet increased
mRNA expression levels of mouse CYP3A1l (51). These
findings are considered to be important, being coupled
with the findings in the present study that transcription of
genes encoding enzymes responsible for the synthesis of
cholesterol was enhanced by activation of SREBP-2 in
Cypj"a_/ " mice. We are tempted to speculate that in the
environment of a low-cholesterol diet, CYP3A enzymes are
downregulated, and downregulated CYP3A enzymes atten-
uate the formation of oxysterols such as 25-hydroxy-choles-
terol. This reduction of oxysterols would activate SREBP-2
and enhance expression of genes encoding enzymes involved
in cholesterol biosynthesis, which may increase hepatic
cholesterol biosynthesis to restore cholesterol levels. In
the environment of a high-cholesterol diet, a reverse
phenomenon may occur. Thus, CYP3A enzymes may
play an important role in maintaining a constant level of

hepatic cholesterol, irrespective of environmental changes
in dietary cholesterol. However, this is only a hypothesis.
Further studies are needed to clarify the role of CYP3A
enzymes in the homeostasis of cholesterol in the liver.

In summary, the results of the present study showed that
expression of genes encoding enzymes involved in choles-
terol biosynthesis is enhanced via the activation of SREBP-2
in the livers of Cyp3a7/ " mice, possibly due to the decreased
formation of oxysterols. Because dietary cholesterol has
been reported to affect gene expression of CYP3A enzymes
(49-51), the present observations suggest that CYP3A en-
zymes play a role in maintaining cholesterol levels at a con-
stant level in the liver. The results of the present study also
showed that total cholesterol levels were also decreased by
20% in the livers of Cyp3a /™ mice, possibly due to enhanced
bile acid synthesis by elevation of CYP7A1 in Cyp3a '~ mice.
Further studies are required to clarify the role of CYP3A en-
zymes in the homeostasis of cholesterol in the liver.illl
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