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Abstract

Aim Because dyslipidemia, such as hypercholesterol-
emia, is a characteristic of primary biliary cirrhosis (PBC),
hepatic lipid metabolism may be disturbed in PBC patients.
We examined the expression of lipid metabolism-associ-
ated genes in PBC liver.

Methods All of the patients examined were in stage I or II
PBC and without medication. RNA was isolated from liver
specimens by needle biopsies of PBC patients and controls.
The expression levels of various genes were measured by
real-time RT-PCR. Multidrug resistance 3 (MDR3)
expression was examined immunohistochemically. Statis-
tical correlations between the gene expression levels and
indices of blood testing were calculated.

Results The expression levels of sterol regulatory ele-
ment-binding protein (SREBP) 2 and LDL receptor were
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significantly lower, and those of apolipoprotein B, micro-
somal triglyceride transfer protein, ATP-binding cassette
G5, and liver X receptor o (LXRa) were significantly
higher in the PBC liver than in the normal control liver.
The expression levels of bile acid synthesis- and excretion-
associated genes did not change, and those of farnesoid X
receptor, peroxisome proliferator-activated receptor «, and
SREBP-1c were similar between the PBC and normal liver.
MDR3 gene expression levels in the PBC liver were more
than 4-fold higher than those in the control liver. Immu-
nohistochemically, strong canalicular staining for MDR3
was observed in the PBC liver. LXRa expression was
positively correlated with MDR3 levels. Serum levels of
y-glutamyl transpeptidase (GGT) and IgM were negatively
correlated with MDR3 levels.

Conclusions Hepatocellular cholesterol metabolism was
at least partially disturbed, even in the early stage of PBC.
The most characteristic finding was a distinct elevation of
MDR3 expression, and the MDR3 levels were negatively
correlated with GGT and IgM levels.

Keywords Primary biliary cirrhosis - MDR3 -
LXRo - Phospholipids - Cholesterol

Introduction

Primary biliary cirrhosis (PBC) is a chronic autoimmune
disease in which the intrahepatic small bile ducts are the
main target of the disease. PBC is serologically charac-
terized by the presence of antimitochondrial antibodies,
and numerous studies have used an immunological
approach for the investigation of the disease. However, the
nature of the disease is still unclear. In terms of clinical
blood testing, hypercholesterolemia is one of the
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characteristic findings of PBC, in addition to enhanced
biliary enzyme activity and elevated IgM levels. Therefore,
hepatic lipid metabolism may be disturbed in PBC patients.
However, detailed analyses of lipid metabolism in PBC
liver have not been reported.

Many hepatocytic factors are associated with cholesterol
uptake, synthesis, and secretion, bile acid synthesis and
secretion, and phospholipid synthesis and secretion. Sterol
regulatory element-binding protein (SREBP) 2, which is a
key enzyme in cholesterol metabolism, promotes the
expression of the LDL receptor (LDLR), HMG-CoA
reductase (HMGR), which is the rate-controlling enzyme in
de novo cholesterol synthesis, and Niemann-Pick C1 like 1
(NPCI1L1), which is involved in sterol uptake from the bile
[1-3]. Apolipoprotein B (ApoB) and microsomal triglyc-
eride transfer protein (MTP) function in very low-density
lipoprotein cholesterol secretion [4]. ATP-binding cassette
(ABC) G5 and ABCGS function as a heterodimer and are
responsible for sterol efflux from hepatocytes [3]. ABCGS5/
G8 and NPCILI proteins are localized to the canalicular
membrane of the liver. mRNA levels of ABCG5 and
ABCGS are increased with a high cholesterol diet probably
via liver X receptor o (LXRa)-mediated pathway, whereas
SREBP-2 mRNA levels are suppressed by LXRa and
cholesterol overload [1, 2].

Cholesterol 7a-hydroxylase (CYP7AL1), the rate-limiting
enzyme in bile acid synthesis from cholesterol, is down-
regulated by a nuclear hormone receptor, farnesoid X
receptor (FXR), via the small heterodimeric partner pro-
tein-mediated pathway [2, 5, 6]. Chenodeoxycholic acid
and other bile acids are endogenous ligands for the FXR [2,
5]. Bile salt export pump (BSEP/ABCB11) mediates the
elimination of bile acids from hepatocytes and plays a
critical role in the generation of bile flow [6]. FXR, which
is upregulated by LXRu, activates BSEP expression [2, 5,
6]. Phospholipids, comprising mainly of phosphatidylcho-
line, are supplied via fatty acid synthesis, which is medi-
ated by the LXRa—SREBP-1c pathway [1, 2]. LXRa, the
agonist of which include some oxysterols, activates per-
oxisome proliferator-activated receptor o (PPARx)
expression, and the expression of multidrug resistance 3
(MDR3/ABCB4) is upregulated by PPARx and FXR [5-8].

In this study, we examined the mRNA levels of these
cholesterol metabolism-associated genes in the liver of
patients with early-stage PBC (Scheuer’s classification I or
II) and in the normal liver. The associations between the
gene expression levels and clinical data of the patients were
also analyzed. We found that the expression of genes
associated with cholesterol uptake and synthesis was sup-
pressed and that of genes associated with cholesterol
secretion/excretion was upregulated in the PBC liver,
perhaps as a response to the intracellular cholesterol
accumulation. There were no changes in the expression

levels of genes associated with bile salt synthesis or
secretion. The most characteristic finding was enhanced
MDR3 expression in the PBC liver, which may reflect
disease activity.

Methods
Patients and samples for real-time RT-PCR

The study population included 18 patients with PBC (males/
females = 1/17) that was diagnosed histologically at Kyu-
shu Medical Center Hospital between October 2006 and
October 2007. The patients had not been treated with any
medicines for PBC, such as ursodeoxycholic acid (UDCA),
fibrates, and statins, before the liver biopsy was performed.
All patients provided written informed consent before
entering the study. Blood biochemistry, including IgM, was
examined 1 or 2 days before the biopsy. For real-time RT-
PCR, tissue samples were obtained by liver biopsy. As a
control, normal liver tissue was obtained from 10 living
donors of liver transplantation whose liver function and
histological findings were completely normal. Written
consent was obtained from these donors for this investiga-
tion. We performed real-time RT-PCR and compared gene
expression between the PBC liver and normal liver.

Total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA), and cDNA was synthesized from
1.0 ug of RNA with GeneAmp™ RNA PCR (Applied
Biosystems, Branchburg, NJ) using random hexamers.
Real-time RT-PCR was performed using LightCycler-
FastStart DNA Master SYBR Green 1 (Roche, Basel,
Switzerland) according to the manufacturer’s instructions.
The reaction mixture (20 pl) contained LightCycler-Fast-
Start DNA Master SYBR Green 1, 4 mM of MgCl,,
0.5 uM of the upstream and downstream PCR primers, and
2 pl of first-strand cDNA as a template. To control for
variation in the reactions, all PCR data were normalized
against f-actin expression. The primer sets for real-time
RT-PCR in this study are listed in Table 1.

Immunohistochemical examination

Biopsy samples of PBC (n = 8) and normal liver (n = 5)
were provided for immunohistochemical analysis. Each
specimen was fixed in formaldehyde, paraffin-embedded,
cut into 5 pm thick sections, and dewaxed in xylene.
Monoclonal anti-MDR3 P-glycoprotein (Sigma, St. Louis,
MO) was used for the primary antibody. Histofine Simple
Stain PO (Nichirei, Tokyo, Japan) was used in our assay.
For antigen retrieval, tissue slides were incubated with
L.A.B. solution (Polysciences, Warrington, PA) for 15 min
at room temperature. After blocking endogenous
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Table 1 Primer sets of real-

Q !/ !/ o ! !’
time PCR Genes Forward (5" — 3') Reverse (5" — 3')
LXRa GCCGAGTTTGCCTTGCTCA TCCGGAGGCTCACCAGTTTC
SREBP-1c GGCTCCTGCCTACAGCTTCT CAGCCAGTGGATCACCACA
SREBP-2 ACAACCCATAATATCATTGAGAAACG TTGTGCATCTTGGCGTCTGT
) MDR3 GCCGAGTTTGCCTTGCTCA TCCGGAGGCTCACCAGTTTC
LXR liver X receptor, SREBP
sterol regulatory element- LDLR CAACGGCTCAGACGAGCAAG AGTCACAGACGAACTGCCGAGA
binding protein, MDR multidrug BSEP CTTCATCATGGACCTGCCACA GGATGAGGGCTCTGGCGATA
resistance, BSEP bile salt export FXR ACCTCGACAACAAAGTCATGCAG ATTGGTTGCCATTTCCGTCA

pump, FXR farnesoid X

receptor, CYP7AI cholesterol CYPTAL
To-hydroxylase, ABCG5 ATP- ABCG5
binding cassette G5, ApoB ApoB
apolipoprotein B, MTP MTP
microsomal triglyceride transfer

protein, HMGR HMG-CoA HMGR
reductase, NPC1LI Niemann- NPCIL1
Pick CI like 1, PPAR PPAR«
peroxisome proliferator- p-actin

activated receptor

AGCATTTGTGAATACATGGCTGGA
ATTGTGGTTCTCACCATTCACCAG
TCAAGAGTTACAGCAGATCCATCAA
AGCACCTCAGGACTGCGAAGA
GCCTGGCTCGAAACATCTGAA
TCTGTGGAGTTTGTGTCCCACATTA
CAGCCTGTGGCCTCTGTAGTT
TGGCACCCAGCACAATGAA

TTCACAAGCAAGCACTGGTGAAC
GGTTTGAATGTTCAGGACAAGGGTA
TCAGAATGGAAGTCCTTAAGAGCAA
CAGAGGTGACAGCATCCACCA
CTGACCTGGACTGGAAACGGATA
GTTGGTCATGGCCACACCTG
CCCTTTACACAACCGAAGTTCCT
CTAAGTCATAGTCCGCCTAGAAGCA

peroxidase activity with 3% hydrogen peroxide in metha-
nol for 15 min, the slides were incubated with 10% normal
goat serum for 30 min. Staining with Simple Stain PO was
performed in accordance with the manufacturer’s protocol.

Statistical analysis

The results are expressed as means + SD. Continuous
variables were compared using the Mann—Whitney U test.
Correlation between two variables was assessed using
Spearman’s rank correlation coefficient. The value of
P < 0.05 was considered statistically significant.

Results
Gene expression levels in PBC liver

RNA samples were prepared from the liver biopsy samples
from PBC patients (n = 18) and living donors for liver
transplantation (n = 10). The background characteristic of
the PBC patients is shown in Table 2. The histological
features of all patients indicated stage I or Il PBC according
to Scheuer’s classification. Blood levels of biliary enzymes,
such as alkaline phosphatase (ALP) and y-glutamyl trans-
peptidase (GGT), were elevated, but mean lipid levels were
within the normal range. The gene expression of hepato-
cytic factors associated with cholesterol uptake, synthesis,
and secretion was measured by real-time RT-PCR. As
shown in Fig. 1, SREBP-2 and LDLR were significantly
lower and ApoB, MTP, ABCGS, and LXRa were signifi-
cantly higher in the liver of PBC patients than in the normal
controls. The levels of HMGR and NPC1L1 were lower in
the PBC patients than in the controls, but the difference was
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Table 2 Laboratory and histologic characteristics of the patients

Number of patients 18

Age (years) 64.4 + 10.4
Male/Female 1/17

AST (1UNn) 77.7 £ 123.8
ALT (IU/) 98.4 £ 205.9
GGT (IUN) 189.5 £+ 170.1
ALP (1U/1) 468.1 + 194.3
T-Cho (mg/dl) 200.8 £ 28.0
HDL-C (mg/dl) 61.9 £ 14.6
LDL-C (mg/dl) 120.4 £+ 20.8
Triglyceride (mg/dl) 102.6 £ 44.6
Platelets (x 1000/pl) 2339 £ 679
Histology (I/II/III/IV) 11/7/0/0

AST aspartate aminotransferase, ALT alanine aminotransferase, GGT
y-glutamyl transpeptidase, ALP alkaline phosphatase, T-Cho total
cholesterol, HDL-C HDL-cholesterol, LDL-C LDL-cholesterol

not significant. The expression of bile acid synthesis- and
excretion-associated genes and phospholipid synthesis- and
excretion-associated genes is shown in Fig. 2. CYP7AL,
which is involved in the synthesis of bile acid from cho-
lesterol, was upregulated, although this was not significant.
The expression of FXR, BSEP, PPARw, and SREBP-1c in
the PBC liver was similar to that in the controls. The most
characteristic finding was the marked increase in MDR3
gene expression in the PBC liver, which was more than 4-
fold higher than for the controls.

Immunohistological MDR3 expression

Next, MDR3 expression was examined immunohisto-
chemically. Because no antibodies suitable for paraffin-
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Fig. 1 Expression levels of cholesterol uptake-, synthesis-, and
secretion-associated genes. SREBP-2 sterol regulatory element-bind-
ing protein 2, LDLR LDL receptor, HUGR HMG-CoA reductase,
MTP microsomal triglyceride protein, ApoB apolipoprotein B,
ABCG5 ATP-binding cassette G5, NPCILI Niemann-Pick C1 like
1, LXRo liver X receptor o. * Significant difference between PBC
patients and normal control
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Fig. 2 Expression levels of bile acid synthesis- and secretion-
associated genes and phospholipid synthesis- and secretion-associated
genes. CYP7AI cholesterol 7a-hydroxylase, FXR farnesoid X recep-
tor, BSEP bile salt export pump, MDR3 multidrug resistance 3,
PPARo. peroxisome proliferator-activated receptor «, SREBP-1c sterol
regulatory element-binding protein-1c. * Significant difference
between PBC patients and normal control

embedded tissues could be obtained, we used an antibody
that worked well on frozen sections. The normal liver
showed scarce staining for MDR3 in hepatocytes (Fig. 3a).
In contrast, the PBC liver showed strong staining for
MDR3 and the staining was predominantly localized to the
canaliculi (Fig. 3b). Although precise quantification was

Fig. 3 Immunohistochemical staining for MDR3 in the normal liver
(a) and PBC liver (b). MDR3 multidrug resistance 3. Original
magnification: x 100

not possible in this study, the histological findings suggest
overproduction of MDR3 in the PBC liver.

Correlation between MDR3 and other indices

We examined the correlations between MDR3 gene
expression and the expression of its associated genes. Of
the factors that are known to positively regulate the
expression of MDR3, LXRo was strongly correlated with
MDR3 (p = 0.618, P = 0.0110, Fig. 4a). There was a
tendency for the correlation between PPARo and MDR3,
although it was not statistically significant (p = 0.467,
P = 0.0548, Fig. 4b). However, there was no correlation
between FXR and MDR3 (data not shown). MDR3
expression was significantly and negatively correlated with
blood markers, including GGT (p = —0.486, P = 0.0427)
and IgM (p = 0.477, P = 0.0458, Fig. 5), but not with
ALP (data not shown).

Discussion

Some previous reports have analyzed the expression of
factors associated with lipid metabolism in PBC patients.
However, the number of factors examined was limited and
the patients were often in advanced stages of disease,
nearly cirrhotic (stage III or IV) and/or under medication
for PBC, for example, with UDCA and fibrates [8—11]. In
our study, we selected only newly diagnosed patients in the
early stage of PBC (i.e., at stage I or II) according to
Scheuer’s classification and were without medication for
PBC. Therefore, effects of liver insufficiency or other
medical effects on lipid metabolism can be excluded. If the
state of cholesterol metabolism is associated with disease
progression, our patients may present reliable data for the
relationship between disease activity and metabolic disor-
ders. Moreover, we examined the expression levels of most
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Fig. 4 Correlations between
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of the genes associated with cholesterol metabolism. The
expression pattern of lipid metabolism-associated genes in
the PBC liver compared with the control liver is summa-
rized in Fig. 6.

In the PBC liver, the expression of genes associated with
cholesterol uptake and synthesis (i.e., SREBP-2, LDLR,
HMGR, and NPC1L1) was downregulated, whereas that of
cholesterol secretion-associated genes (i.e., ApoB, MTP,
ABCGS, and LXRax) was upregulated compared with the
levels of normal controls (Fig. 1). These results seem to
represent a physiological response against intracellular
cholesterol accumulation in PBC patients, namely, cho-
lesterol uptake and synthesis are suppressed, whereas
secretion/excretion is accelerated. On the basis of the gene
expression pattern shown in Fig. 6, bile acid synthesis and
excretion do not appear to be affected by the early stage of
PBC. Of the genes associated with phospholipid synthesis
and excretion, a marked increase in MDR3 expression, by
more than 4-fold than in the control, was observed in
the PBC liver (Fig. 2). MDR3 regulates the efflux of
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phospholipids into bile. Excreted phospholipids form
micelles with bile acids to protect the biliary epithelium
from the toxicity of hydrophobic bile acids [12]. Zollner
et al. [9, 10] previously reported upregulation of hepatic
MDR3 at the mRNA level in advanced cases of PBC (stage
II/TV in Ludwig’s classification), but not in the early cases
(stage I/II). Their results in the early stage of PBC are
inconsistent with our results. This discrepancy may be due
to the different methods; Zollner et al. determined mRNA
copy numbers by competitive PCR. Our method, real-time
RT-PCR, may be more reliable. This smaller number of
patients in the report of Zollner et al. may be another
reason. Although the antibody we used against MDR3 was
not recommended for paraffin-embedded tissues, our
immunohistochemical examination showed enhanced can-
alicular expression of MDR3 in the PBC liver (Fig. 3). We
consider that the result is probably reliable because similar
MDR3 expression and distribution were reported by Ros
et al. [11], who used frozen sections of PBC liver. MDR3
upregulation may not be a feature specific for PBC liver.
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Fig. 6 Schema showing the
interactions between cholesterol
metabolism-associated factors.
Arrows ({ and |}) represent

significant difference in
expression levels between PBC
patients and normal controls.
LDLR 1LDL receptor, SREBP
sterol regulatory element-
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We have also determined hepatic gene expression in
patients with nonalcoholic fatty liver disease or drug-
induced liver disease. The expression of MDR3 was also
upregulated in both diseases; however, the levels of PPAR«
were significantly lower than those in PBC and normal
liver, and there was no correlation between MDR3 and
PPAR« (data not shown). In the future, we must examine
the expression of these genes in patients with other chronic
and progressive diseases of bile ducts, such as primary
sclerosing cholangitis.

The efficacy of fibrates for the treatment of PBC has
been recently demonstrated [13-15]. Fibrates induce
MDR3 gene expression, canalicular redistribution of
MDR3, and biliary phospholipid secretion by a PPAR«-
mediated pathway [16-18]. The relationship between
MDR3 and PPAR« expression in our study (Fig. 4b) may
indirectly indicate that fibrates, agonists of PPARa, can
contribute to the induction of MDR3 expression and
phospholipid secretion to suppress the cytotoxicity of
hydrophobic bile acids. Moreover, the MDR3 expression
levels were negatively correlated with serum levels of GGT
and IgM (Fig. 5). It is known that an increase in the serum
GGT level reflects excessive release of the enzyme caused
by biliary cell damage and upregulation of enzyme
induction by alcohol intake [15]. The increased production
of IgM in PBC patients is generally considered to be due to
immune activation [16, 19]. Therefore, GGT and IgM are
recognized in PBC as markers for biliary damage and
B-lymphocyte activity, respectively [20]. In other words,
GGT and IgM levels appear to represent PBC disease
activity. Our results support recent reports using single-
nucleotide polymorphism analysis, which showed that
MDR3 haplotypes and diplotypes are associated with the

progression of PBC [21, 22]. In this study, the patients, in
whom GGT and IgM levels were already elevated
(Table 2), were in the early stages and without any medi-
cation for PBC. Moreover, the MDR3 levels were upreg-
ulated in the PBC patients before treatment, whereas
PPARa expression was not enhanced (Figs. 2, 6). This
means that PPARx possesses the capacity for further
upregulation and that fibrates efficiently activate PPAR«
and MDR3.

This study is the first to report a detailed analysis of the
expression of cholesterol metabolism-associated genes in
the liver of early-stage PBC patients without any medica-
tion. In conclusion, hepatocellular cholesterol metabolism
is at least partially disordered, even in the early stage of
PBC. The most characteristic change was a marked
increase in MDR3 expression and that the MDR3 levels
were negatively correlated with serum levels of GGT and
IgM. Therefore, upregulation of MDR3 levels may be
associated with disease activity and progression of PBC. In
clinical studies, the quantification of protein levels and
localization of the proteins are difficult because sufficient
sampling or repeated biopsies cannot be performed. In the
future, these analyses should be repeated in patients under
medication and/or in advanced stages for comparison with
the present data.
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