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Abstract The synthesis of primary bile acids is con-
fined to the hepatocytes. This study aimed to evaluate
the expression pattern within the liver architecture of
the rate-limiting enzyme of the neutral pathway, choles-
terol 7a-hydroxylase (Cyp7al), and sterol 12a-hydroxy-
lase (Cyp8b1), the enzyme necessary for the synthesis of
cholic acid. Specific Cyp8b1 and Cyp7al peptide antise-
rums were used for immunohistochemical staining of liv-
ers from wild type and Cyp8bl null mice, the latter
instead expressing B-galactosidase (B-Gal) as a replace-
ment reporter gene. Cyp8b1 was mainly expressed in the
hepatocytes in a zonal pattern surrounding the central
vein while the areas surrounding the portal zones
showed much lower levels. The zonation was main-
tained in cholic acid-depleted mice using B-Gal as a
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reporter protein. Cyp7al expression in wild type mice
also showed a zonal distribution pattern, although less
distinct, with a maximal expression within a 1-2 cell
thick layer of hepatocytes surrounding the central vein.
In Cyp8bl null mice, a more intense staining was
obtained, in accordance with the higher expression level
of Cyp7al, although the overall expression pattern was
maintained. Our results in mice indicate possible differ-
ences in the regulation of the cellular zonation of
Cyp7al and CypS8bl. Also, cholic acid affects the set-
point of Cyp7al expression but not its zonal distribution.

Keywords CYP7A1 - CYP8B1 - Bile acids -
Zonal distribution - Liver

Introduction

Bile acids are important in the absorptive process of
dietary lipids in the small intestine. As a corollary the
conversion of precursor cholesterol into bile acids also
represents a major atheroprotective pathway leading
to fecal elimination of excess cholesterol. The com-
plete synthesis of bile acids only occurs in the liver, and
includes several enzymatic steps involving hepatic
P-450 cytochromes such as cholesterol 7a-hydroxylase
(CYP7A1), sterol 12a-hydroxylase (CYP8B1), sterol
27-hydroxylase (CYP27A1), and oxysterol 7a-hydroxy-
lase (CYP7B1). Among these, CYP7A1 and CYP27A1
are considered rate limiting for the respective neutral
and acidic pathways of bile acid synthesis (Eggertsen
etal. 1996; Chiang 1998; Bjorkhem and Eggertsen
2001).

In human bile the two major primary bile acids are
cholic acid (CA) and chenodeoxycholic acid (CDCA),
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present in a molar ratio of approximately 2:1. Cyp8bl
is the only P-450 cytochrome identified that can 12a-
hydroxylate substrates flowing through both the neu-
tral and acidic pathways (Andersson et al. 1998, 1999).
No compensatory P-450 seems to exist since in Cyp8b1l
null mice, with deletion of the entire coding region of
the gene, the synthesis of CA was completely abolished
(Li-Hawkins et al. 2002). As a consequence of the loss
of CA, the mice decreased their intestinal cholesterol
absorption, increased the hepatic de novo cholesterol
synthesis, and were protected from hyperlipidemia and
gallstone formation (Murphy et al. 2005; Wang et al.
20064, b). Apart from its role in enhancing micellar for-
mation in the small intestine, CA also performs a regu-
latory role within the bile acid synthesis in the mouse
as a physiological ligand to the farnesoid X receptor
(FXR), exerting regulation of many genes like short
heterodimerizing partner (SHP) resulting in an
increase of its mRNA. CA is important for the regula-
tion of Cyp7al expression since it appears to be one of
its physiological suppressants, operating via the FXR-
SHP axis and the c-Jun N-terminal kinase pathway,
leading to a tonic inhibition of Cyp7al mRNA, protein
and activity (Gupta et al. 2001; Li-Hawkins et al. 2002).

In healthy humans, gallstone patients and patients
treated with cholestyramine, the expression of
CYP8B1 was found to be homogenously distributed
within the liver lobuli showing no sign of zonation
(Wang et al. 2005). However, species differences may
occur since a zonal distribution was reported for rat
Cyp7al and Cyp27al, both proteins mainly expressed
in hepatocytes surrounding the central vein (Brassil
et al. 1995; Twisk et al. 1995; Massimi et al. 1998). In
addition, some P-450 cytochromes like CYP7B1 and
CYP27A1 are also expressed in Kupffer cells or cho-
langiocytes. The present study was performed to inves-
tigate whether loss of the tonic suppressive effect of
CA affects the pattern of expression of Cyp8bl and
Cyp7al within the hepatic lobuli in mice and whether
the pattern of expression differs between these
proteins.

Materials and methods
Chemicals and reagents

Enhanced chemoluminescence reagents and Hydrogen
C nitrocellulose membranes were obtained from
Amersham-Pharmacia, Uppsala, Sweden. Rabbit anti-
goat IgG conjugated with horseradish peroxidase
(HRP) and acrylamide-bisacrylamide 37.5:1 were from
BioRad Laboratories, Hercules, CA, USA. For the
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immunohistochemical studies a specific goat antiserum
against Cyp8b1 was obtained from Santa Cruz Biotech-
nology, Inc. (P-18: sc-23515). The antiserum was raised
against a peptide localized to an internal region of the
protein. For the Cyp7al immunohistochemistry, a spe-
cific affinity purified rabbit antiserum was used, raised
against the five carboxy-terminal amino acid residues
of the protein (Lundasen et al. 2003).

Animals and tissue preparation

Male Cyp8b1 null mice on a mixed 129Sv/Ev; C57Bl/6
background as previously described and wild type lit-
termates were used (Li-Hawkins et al. 2002). In addi-
tion, Balb/cBy mice were utilized.

In order to continue the cellular studies of Cyp8bl
gene expression in vivo, the Cyp8b1 null mice were fur-
ther modified. As reported, the entire coding sequence
of the Cyp8bl gene (Géfvels et al. 1999) was replaced
with a modified lacZ gene (Cat. No 6044-1, Clontech,
Palo Alto, California, USA) inserted in the correct ori-
entation downstream to the Cyp8bl transcriptional
start site (Gafvels et al. 1999). To eliminate potential
transcriptional interference by the oppositely oriented
1.4 kb neomycin resistance gene (Artelt et al. 1991; Xu
et al. 2001) the latter was flanked by a pair of loxP sites,
allowing its removal at the one-cell stage from the
progeny of the mixed genotype 129Sv/Ev;C57Bl/6
mice. This was achieved by mating male knockout mice
with females transgenically overexpressing cre recom-
binase, driven by the HPRT promoter (Fig. 1a). The
neomycin resistance gene deletion was verified by a
multiplex PCR approach, using the oligonucleotide
CTTCCTCTATCGCCTGAAGCC as forward primer
for the wild-type allele, the oligonucleotide ACACAG
GCATAGAGTGTCTGC as a forward primer for the
targeted allele, and one common 3’ reverse primer,
TGAGCTGACCACATGTGTTCC. The wild type
and Cyp8bl null mice with deletions of the neomycin
resistance gene each generated a single PCR product
of 209 and 532 base pairs, respectively. Two heterozy-
gous males and one heterozygous female (Fig. 1b)
were mated to create one group homozygous for the
wild type allele to be used as controls and another with
a floxed B-galactosidase reporter gene where the neo-
mycin resistance gene was deleted on both chromo-
somes (GRS mice). Male mice aged 3-5 months were
used in the study.

To study the regulation of gene expression, Cyp8bl
wild type, Cyp8bl knockout mice and GRS mice were
fed a normal chow (R36 powder, Lactamin, Sweden)
or a chow supplemented with 0.5% (w/w) sodium cho-
late in 10% (w/w) peanut oil ad libitum for 1 week.
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Fig. 1 a Strategy for creating the B-galactosidase reporter mouse
strain (GRS). The coding region (CR/DA) of the intronless
Cyp8bl gene was deleted and substituted by homologous recom-
bination in ES cells with the PB-galactosidase gene (B-GAL)
placed in correct orientation immediately downstream to the
Cyp8bl1 gene transcription start site (filled square) in tandem with
the oppositely oriented neomycin resistance gene (NEO) to cre-
ate the initial 129Sv/Ev;C57/B16 mixed genotype knockout mice.
To create the GRS reporter mouse the neomycin resistance gene
flanked with loxP sites (filled triangle) was floxed at the one-cell
stage by mating male Cyp8bl null mice carrying the neomycin
resistance gene with cre recombinase overexpressing females.
b PCR to demonstrate the heterozygous deletion of the neomycin
resistance gene in the floxed 129; C57/B16 mixed genotype knock-
out mice. The 532 bp product signifies the floxed allele and the
209 bp product the wild type allele. To obtain homozygous wild
type or GRS mice two males (lane 3 and 4) and one female (lane
8) carrying the floxed allele were mated

Immunohistochemical detection of Cyp8bl
and Cyp7al expression

The mice were deeply anaesthetized by an intraperito-
neal injection of pentobarbital, whereafter the animals
were fixed by transcardial perfusion with PBS followed
by 4% (w/v) freshly prepared paraformaldehyde in
PBS. Dissected organs were postfixed overnight at 4°C
in the same fixative. After trimming, the organs were
dehydrated and embedded in paraffin according to
standard procedures. The procedures were approved
by the local committee for ethical standards of animal
experiments at Karolinska Institutet, Stockholm.
Paraffin sections (5 pm thickness) were rehydrated
and microwaved for 10 min in 10 mM citrate buffer, pH
6.0. After rinsing in Tris—HCl NaCl buffer (TBS),
endogenous peroxidase activity was quenched with 3%
(v/v) hydrogen peroxide in methanol. Sections were
then pretreated with 4% (v/v) normal rabbit serum in
TBS. Endogenous biotin binding was quenched by
preincubation using an avidin-biotin blocking kit

(SP-2001, Vector Laboratories Inc., Buringgame, CA,
USA). For blocking experiments the Cyp8bl antibod-
ies were first preincubated with the corresponding pep-
tide (Santa Cruz Biotechnology Inc., cat. no.
Sc_23515p) in Tris-HCl buffer and normal rabbit
serum (4%, v/v) overnight at 4°C. Cyp8bl antibodies
were used in a final dilution of 1:50, while the Cyp7al
antibodies were used at a concentration of 2 pg/ml;
incubation with the primary antibodies was performed
overnight at 4°C. Binding of the primary antibodies
was visualized by sequential incubation with biotin
labeled secondary antibodies followed by ABC-com-
plex_HRP. The peroxidase activity was developed with
DAB/H,0,. After rinsing, sections were lightly count-
erstained with hematoxylin, dehydrated, and perma-
nently cover slipped. The cellular expression of
B-galactosidase activity was localized by X-gal histo-
chemistry, performed on 10 pm frozen sections that
had been fixed in buffered 4% (w/v) paraformaldehyde
and 0.5% (w/v) glutaraldehyde as previously described
(Robertson etal. 2003). As controls, fixed frozen
sections from wild type mice were used.

Expression of Cyp8bl and the corresponding
B-galactosidase reporter in mouse liver

Total RNA from snap frozen mouse liver tissue was
used to investigate the hepatic expression of Cyp8bl
and B-galactosidase mRNA by Northern blotting. Rel-
ative expression was quantified by phosphorimaging
(FujiBas-1800) using GAPDH mRNA as a reference.
B-galactosidase mRNA was also measured by real-time
PCR (Applied Biosciences) using GAPDH as a reference
gene. The oligonucleotides CCTACAGAGATTTAAA
GCTCTAAGATTCC and CTCTAGATGGCATTTC
TTCTGAGC were used as 5" and 3’ flanking PCR prim-
ers, together with a FAM/Dark-labeled dabcylated oligo-
nucleotide probe with the sequence AAGGCATTCC
ACCACTGCTCCCATT. To assure specificity, the 5’
flanking PCR primer was designed to span a splice site
positioned in the 5" untranslated region of the lacZ gene.
Expression of the B-galactosidase protein in the livers of
wild type and GRS mice was determined by immunoblot-
ting using a monoclonal anti-B-galactosidase antibody
from Promega (Madison, WI, USA cat. No. Z3781). As a
control, purified Escherichia coli B-galactosidase (Sigma,
St. Louis, MO, USA, cat. No. G-6008) was used.

Statistics
Values are given as mean + SEM. Statistical analysis

was performed with Student’s ¢ test. P < 0.05 was con-
sidered statistically significant.
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Results

Hepatic expression pattern of Cyp8b1 in wild-type
mice

Immunohistochemical detection of Cyp8bl expression
in inbred Balb/cBy mouse liver revealed a zonal distri-
bution pattern. As shown in Fig. 2a, b (upper panel),
the areas surrounding the portal triads (P) were nega-
tive, but hepatocytes closer to the central veins (CV)
showed a granular cytoplasmic reaction, indicating
expression of Cyp8bl. By preincubating the antibodies
with the corresponding peptide used for raising them in
goats, all staining was lost (Fig. 2e). The distribution of
the Cyp8bl protein in livers of wild type mice dis-
played a similar zonal distribution as in the Balb/cBy
mouse livers, although with somewhat less intensity
(Fig. 2c). As an additional control of the specificity,
liver sections prepared from Cyp8bl null mice were
incubated. Since no staining was seen in the hepato-
cytes (Fig.2d) this verified the specificity of the
antibodies used here. However, some sinusoidal cells

Fig. 2 Distribution of Cyp8bl
in mouse liver. In a and b, the
staining patterns in Balb/cBylJ
mice is illustrated. Note clear-
cut differences between he-
patocytes located around cen-
tral veins (CV) and periportal
zones (P). In ¢ the distribution
of Cyp8bl in liver from wild-
type 129Sv/Ev;C57Bl/6 is
shown. d shows that only scat-
tered positive cells are present
in Cyp8b1 null mice. In e the
corresponding peptide was
used to block the Cyp8b1 anti-
body, resulting in a com-
pletely negative staining

cv
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still showed a weak positive reaction (also seen in
Fig. 2b), perhaps indicating that an antigenic epitope
on an unknown nontarget molecule may also be react-
ing with the Cyp8b1 antiserum.

Hepatic expression pattern of the reporter
B-galactosidase in cholic acid-depleted mice

To test whether the replacement of Cyp8bl with the B-
galactosidase marker affected the regulation pattern of
the Cyp8bl gene, groups of both genotypes were fed
ordinary chow diet or a diet supplemented with 0.5%
(w/w) sodium cholate. Liver tissue from wild type and
GRS mice was investigated for the expression of Cyp8b1l
and B-galactosidase mRNA. As expected, GRS mice
showed no signs of Cyp8bl mRNA. Instead, a = 4 kb
transcript corresponding to 3-galactosidase was detected
(Fig. 3a). It was confirmed by Western blotting that
GRS but not wild type mice expressed B-galactosidase
protein (Fig. 3b). Northern blotting also showed a sig-
nificant 5-7-fold suppression of the Cyp8bl mRNA in
wild type mice by sodium cholate feeding (Fig. 4a, b). A

£

. CV

cv

cv
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similar suppression of B-galactosidase mRNA expres-
sion was recorded in GRS mice by real-time PCR
(Fig. 4c). No p-galactosidase mRNA was detected in
wild type mice. Our results indicated that the reporter
gene was regulated by cholic acid feeding in a manner
similar to the pattern seen for the original Cyp8b1 gene.
Histochemical localization of the B-galactosidase gene
expression in GRS mice showed positive staining in the
presence of X-gal, largely confined to the hepatocytes
(Fig.5). In agreement with the pattern for Cyp8bl
expression, as shown in Fig. 2, the pattern of -galactosi-
dase expression was also uneven and stronger around
the central vein of the liver acini, while the periportal
fields stained much weaker. X-gal staining of liver sec-
tions from wild type mice showed practically no back-
ground activity (data not shown).

Effects of cholic acid depletion on the expression
and distribution of Cyp7al

In Cyp8b1 wild type mice, the hepatic Cyp7al expres-
sion, as detected by immunohistochemistry, showed an
even distribution in most part of the lobules, with an
increased expression in 1-2 cell layers immediately sur-
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Fig. 4 Regulation of Cyp8b1 and B-galactosidase mRNA by cho-
late feeding. a Regulation of Cyp8bl mRNA by cholic acid feed-
ing in wild type mice (+/+) and absence of expression of Cyp8bl
expression in GRS (—/—) mice. Sixteen individual +/+ or GRS
(—/—) mice were fed normal chow or a chow supplemented with
0.5% (w/w) sodium cholate for 1 week. b Northern blot and phos-
phor imaging quantitation of the relative expression of Cyp8bl

-I-fCA

and B-galactosidase mRNA in wild type and GRS mice fed nor-
mal chow or a chow supplemented with 0.5% (w/w) sodium cho-
late. *P < 0.05 versus wild type; nd not detected. ¢ Real-time PCR
quantitation of the hepatic levels of B-galactosidase mRNA in
GRS mice fed a normal chow (control, black bar) or a chow con-
taining 0.5% sodium cholate (CA, grey bar). *P < 0.05 versus wild

type
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Fig. 5 Cellular expression of B-galactosidase in mouse liver.
Fixed sections from livers of GRS mice were incubated with X-gal
and the cell-specific expression pattern of B-galactosidase was
indirectly assessed. In accord with Cyp8b1 expression (Fig. 2) the
reporter expression was more intense in the region surrounding
the central vein (CV) and decreasing towards the periportal area
(P). Magnification x250

rounding the central veins (Fig. 6a, b, d, ¢). In Cyp8bl
null mice, a markedly increased staining reaction was
seen, as expected from our studies on the mRNA and

Fig. 6 Distribution of Cyp7al
expression in wild type (a—c)
and Cyp8b1 null (d-f) ani-
mals. In a and d the distribu-
tion of Cyp7al is shown to be
rather uniform throughout
the liver parenchyma except
from 1 to 2 layers of hepato-
cytes surrounding the central
vein (CV). Note a generally
higher intensity of Cyp7al
staining in livers of Cyp8bl
null mice (d, e) but no differ-
ence in the pattern of distribu-
tion as compared to wild type
mice (a, b). Feeding of 0.5%
sodium cholate (CA) in the
diet for 1 week (¢, f) reduced
staining both in wild type (wt)
and in Cyp8b1 null mice but
some staining remained in
scattered cells throughout the
liver parenchyma as well as
cells close to the central vein
in livers of Cyp8b1 null mice

(®
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protein levels (Li-Hawkins et al. 2002). The pattern of
Cyp7al expression seen in Cyp8bl null mice was iden-
tical to the expression pattern seen in the Cyp8bl wild
type mice, indicating a generally enhanced expression.
Feeding mice with 0.5% cholic acid for 1 week resulted
in a suppression of staining for Cyp7al (Fig. 6c, f) in
both wild type and Cyp8bl null mice. However, scat-
tered cells throughout the liver parenchyma, especially
in wild type mice, appeared to maintain a low level of
expression of Cyp7al. In Cyp8bl null mice fed cholic
acid, a distinct zonation previously described in mice
fed control diet was preserved in spite of the overall
suppression of Cyp7al staining (Fig. 6f).

Discussion

Our results indicated that the major expression of
Cyp8b1 and Cyp7al is localized within the hepatocytes
in a zonal pattern surrounding the central vein. Cyp8b1l
expression showed a more distinct zonation, the
hepatocytes closer to the portal area being negative.
Two other cytochrome P-450 enzymes active in the bile
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acid synthesis, Cyp7al and Cyp27al, have also been
described to have the same expression pattern within
the rat liver lobulus (Twisk et al. 1995). The pattern of
Cyp8bl expression appears to differ among species
since, in the human liver, Cyp8bl was expressed in a
homogenous pattern (Wang et al. 2005). The regula-
tory mechanisms underlying the differences in zonation
pattern for Cyp8bl between the species are not known
but may be related to differences in regulatory bile
acids along the portocentral axis and the specific
regional distribution of regulatory nuclear receptors
expressed in the liver (Bookout et al. 2006). Generally,
thyroid hormones are candidate regulatory hormones
for basal as well as diurnal variation of zonal expres-
sion given the distribution of thyroid hormone recep-
tors in mouse liver in general (Zandieh-Doulabi et al.
2003) and more specifically TR g-mediated modulation
of Cyp7al expression (Johansson et al. 2005). Differ-
ences in Cyp8bl zonation could also relate to interspe-
cies differences in regulation of gene transcription as
such, as it was observed that the DNA sequence of the
Cyp8bl promoter was poorly conserved between
mouse and man (Géfvels et al. 1999). Differences in
regulation of gene transcription between rodent spe-
cies and man relating to presence or absence of certain
discrete frans-acing motifs have already been
described, since CYP7A1 gene transcription is respon-
sive to liver X receptor (LXR) agonism in mouse and
rats but not in man (Chen et al. 2002; Goodwin et al.
2003).

Considering the distribution pattern of Cyp8b1 and
Cyp7al described herein, one might wonder how
large a fraction of the mouse hepatocytes that gener-
ally are actively synthesizing bile acids. The bulk of
bile acids, representing about 95% of the total
amount of secreted bile acids, is reabsorbed into peri-
portal hepatocytes and quantitatively re-excreted into
the bile canaliculi within the very same area (Gro-
othuis et al. 1982; Jones et al. 1980). Since high bile
acid levels might suppress the synthetic machinery in
the portal areas this indicates that the total amount of
newly synthesized bile acids would be localized in a
compartmentalized manner to the perivenous areas
where the bile acid concentrations may be lower.
Whether an intracellular gradient along the portocen-
tral axis contributes to the differential expression pat-
tern in rodents remains open for discussion, but the
mouse Cyp8bl would also fit into this pattern since a
local increase of bile acid concentrations in the peri-
portal areas hampers the Cyp8bl gene transcription
(Vlahcevic et al. 2000). This is in contrast to the pat-
tern of Cyp7al expression, which appears more even
implying a less marked compartmentalization of the

initial, rate-limiting step of the neutral pathway of
bile acid synthesis.

Both Cyp8bl and Cyp7al expression are sensitive to
tonic inhibition by cholate (Strawitz et al. 1993; Twisk
etal. 1993; Li-Hawkins et al. 2002) but slight differ-
ences in sensitivity may lead to individual hepatocellu-
lar expression patterns within liver lobuli, and
furthermore in man, chenodexycholic acid and not
cholic acid is considered to be the primary bile acid
responsible for FXR-mediated feedback inhibition of
these genes. In rats, interruption of the enterohepatic
circulation by administration of cholestyramine
induced production of Cyp7al and Cyp27al mRNA in
larger areas of the liver acinus (Twisk et al. 1995), but
no such changes were found for the Cyp7al expression
in our Cyp8bl knockout mice. The full set of genes
necessary for de novo synthesis of bile acids in rodents,
especially of CA, would thus be expressed mainly in
perivenous hepatocytes, where the cellular concentra-
tions of bile acids are lower. However, synthesis of bile
acids via the alternative pathway could nevertheless
occur in hepatocytes not expressing Cyp8bl or Cyp7al
if oxysterols produced in other cell types like, e.g.
Kupffer cells are used (Bjorkhem and Eggertsen 2001).
Another factor affecting the expression pattern of
Cyp7al and Cyp8bl may be circadian variations
directed by various nuclear receptors (Berkowitz et al.
1995; Yang et al. 2006). Mechanisms of regulation may
also be different during embryogenesis and early life,
as Cyp7al shows an even expression pattern within the
liver lobules during these periods (Massimi et al. 1998).

Zonation of expression has been reported for other
genes expressed in the liver-like glucose-6-phosphatase,
succinate dehydrogenase, albumin, NADPH dehydro-
genase, and glutamate dehydrogenase (Racine-Samson
et al. 1996). In the rat, immunohistochemical mapping
of several P-450 cytochromes showed that a majority
were primarily localized around the central vein while a
few displayed other patterns of expression (Oinonen
and Lindros 1998). However, an even distribution of
hepatocyte proteins within the lobuli does occur, as is
the case for the rat bile salt export pump (ABCBI11;
BSEP) (Van Waarde et al. 2002). Expression patterns
for transcription factors are particularly interesting as
they may affect expression levels of many proteins in
the bile acid synthetic chains. Thus, mRNA quantities
for rat HNF4a, C/EBPa and Tcf2 showed slightly
higher expression in perivenous than in periportal
hepatocytes (Lindros etal. 1997). It is not known
whether the FXR-SHP or FGF15 and FGF receptor 4,
constituting novel regulatory proteins for CYP8B1 and
CYP7A1 expression, may somehow direct the zonal
distribution seen in rodents (Inagaki et al. 2005).
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