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An accurate and reliable quantitative assay for hepatitis C virus (HCV) is essential for measuring viral propagation and the effi-
cacy of antiviral therapy. There is a growing need for domestic reference panels for evaluation of clinical assay kits because the
performance of these kits may vary with region-specific genotypes or polymorphisms. In this study, we established a reference
panel by selecting 80 donated blood specimens in Japan that tested positive for HCV. Using this panel, we quantified HCV viral
loads using two HCV RNA kits and five core antigen (Ag) kits currently available in Japan. The data from the two HCV RNA as-
say kits showed excellent correlation. All RNA titers were distributed evenly across a range from 3 to 7 log IU/ml. Although the
data from the five core Ag kits also correlated with RNA titers, the sensitivities of individual kits were not sufficient to quantify
viral load in all samples. As calculated by the correlation with RNA titers, the theoretical lower limits of detection by these core
Ag assays were higher than those for the detection of RNA. Moreover, in several samples in our panel, core Ag levels were under-
estirated compared to RNA titers. Sequence analysis in the HCV core region suggested that polymorphisms at amino acids 47 to
49 of the core Ag were responsible for this underestimation. The panel established in this study will be useful for estimating the

quality of currently available and upcoming HCV assay kits; such quality control is essential for clinical usage of these kits.

epatitis C virus (HCV) is a major cause of chronic liver dis-

ease worldwide (15). There is no protective vaccine against
this virus, and once an individual is infected, HCV often estab-
lishes persistent infection and leads to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma (9). The most widely used therapy
for HCV infection is the combined administration of pegylated
alpha interferon and ribavirin (29). However, this treatment is
problematic, as it has limited efficacy, high cost, and severe ad-
verse effects (8, 25). To estimate the outcome of antiviral therapy,
and to understand the state of viral propagation, it is important to
determine the HCV viral load in chronic hepatitis C patients by
the use of accurate and reliable HCV quantitative assays (9, 14).
For this purpose, several commercial assay kits for HCV RNA and
core antigen (Ag) quantification are currently used in Japan. For
quantification of HCV RNA levels, two real-time quantitative re-
verse transcription-PCR (qRT-PCR)-based assay kits are avail-
able, including the COBAS AmpliPrep/COBAS TagMan HCV test
(CAP/CTM-RNA; Roche Diagnostics, Tokyo, Japan) and the Ab-
bott RealTime HCV test (ART-RNA; Abbott Japan, Tokyo, Ja-
pan). These assays are known to have high sensitivity and a wide
dynamic range, but they require technical skill and attention to
maintaining the specified conditions (4-6, 16, 24, 33-35). Alter-
natively, HCV viremia can be quantified by assessment of HCV
core Aglevel (1-3,7, 10, 12, 13, 17-22, 27, 30-32). Five HCV core
Ag assay kits are commercially available in Japan, including Axchi-
tect HCV Ag (Architect-Ag; Abbott Japan), Lumipulse Ortho
HCV Ag (Lumipulse-Ag; Fujirebio, Tokyo, Japan), Lumispot
Eiken HCV Ag (Lumispot-Ag; Eiken Chemical, Tokyo, Japan),
the Ortho HCV Ag ELISA test (ELISA-Ag; Ortho Clinical Diag-
nostics, Tokyo, Japan), and the Ortho HCV Ag IRMA test (IRMA-
Ag; Ortho Clinical Diagnostics, Tokyo, Japan). These assays have
some disadvantages compared to those measuring HCV RNA
(notably, low sensitivity and narrow range of quantification) but
also have some advantages (including ease of use, reduced risk of
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contamination, reduced cost, and reliability even with samples
stored at room temperature for extended periods of time [1, 321]).
Although core Ag levels are thought to be related closely to HCV
RNA titers, the correlation and linearity of core Aglevels have not
yet been fully evaluated. In addition, these quantitative parame-
ters are known to be affected by nucleotide and amino acid se-
quences at the target regions of the assays (5, 6, 28, 34), and this
sequence variation depends on genotypes or predominant strains
in specific geographical regions.

In this study, we established a Japanese reference panel of sam-
ples for evaluation of HCV RNA and core Ag levels by collecting
donated blood specimens that tested positive for HCV RNA and
anti-HCV antibodies. Using this reference panel, we evaluated the
HCYV loads in these specimens with two HCV RNA assay kits and
five core Ag assay kits and assessed correlations among the data
generated by these kits.

MATERIALS AND METHODS

Preparation of reference panel. To establish a reference panel for HCV
quantitative assays, a total of 80 donated plasma samples were selected. All
of these specimens, supplied by the Japanese Red Cross Blood Centers,
tested positive for the presence of HCV RNA and anti-HCV antibodies.
These samples, collected in Japan from May to September of 2007, were
obtained from Japanese blood donor volunteers in various regions of

Received 20 February 2012 Returned for modification 21 March 2012
Accepted 30 March 2012

Published ahead of print 11 April 2012

Address correspondence to Takanobu Kato, takato@nih.go,jp.
Supplemental material for this article may be found at http://icmasm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JCMO0487-12

jemasm.org 1943

a0



Murayama et al.

y =0.945x + 0.463

81  r=0978, p<0.0001
7 =
€ 6 A
x3
ol
<& 5 4
4 - 0
3 ¥ ¥ ¥ ¥ L]
3 4 5 4] 7 8
CAP/CTM-RNA

(fog IU/mL)
FIG 1 Correlation of HCV RNA titers as quantified by two commercial kits.

Japan. The samples were divided into 1-ml aliquots and stored at —80°C
until use.

Quantification of HCV RNA and core Ag. The HCV RNA titer was
measured with two real-time qRT-PCR kits, CAP/CTM-RNA (detection
range, 1.5 X 10 to 6.9 X 107 IU/ml) and ART-RNA (detection range,
1.2 X 10" to 1.0 X 10® TU/ml). Additionally, samples were assessed using
five HCV core Ag assay kits, including Architect-Ag (detection range, 3 to
20,000 fmol/liter), Lumipulse-Ag (detection range, 50 to 50,000 fimol/
liter), Lumispot-Ag (detection range, 20 to 400,000 fmol/liter), ELISA-Ag
(detection range, 44.4 to 3,600 fmol/liter), and IRMA-Ag (detection
range, 20 to 20,000 fmol/liter). All assays were performed by the respective
manufacturers at their research laboratories.

Sequencing and genotyping of HCV in reference panel samples. Vi-
ral RNA was extracted with the QlAamp viral RNA kit (Qiagen, Valencia,
CA) from 140 pl of each plasma sample. HCV RNA was amplified by
RT-PCR with primers corresponding to the 5" untranslated region (UTR)
(43S-IH, 5'-CCTGTGAGGAACTACTGTCTTC-3'; ¢/s17-ssp, 5'-CCGG
GAGAGCCATAGTGGTCTGCG-3') and the El region (1323R-IH, 5'-G
GCGACCAGTTCATCATCAT-3'); the amplified products were se-
quenced directly. HCV genotypes of the isolated strains were assigned by
phylogenetic analysis using an alignment with a representative strain of
each genotype.

Statistical analysis. The correlations of obtained quantitative data
were assessed by Pearson’s correlation coefficient analysis, and values for
r and P were calculated. A P value of <0.05 was considered to indicate
statistical significance. Analysis was performed using Prism 5 software
(GraphPad Software, Inc., La Jolla, CA).

Nucleotide sequence accession numbers. The accession numbers of
C-01 to C-80 are AB705312 to AB705391, respectively.

RESULTS

Quantification of HCV RNA levels. The reference panel estab-
lished in this work was used to measure HCV RNA levels with the
CAP/CTM-RNA and ART-RNA kits. The correlation of the data
obtained with the two kits is shown in Fig. 1. The RNA titers of
these samples were distributed evenly, and all values were within
the dynamic ranges of both assays. The HCV titers ranged from
3.68 to 6.88 and 3.82 to 7.08 log [U/ml in CAP/CTM-RNA and
ART-RNA, respectively, and the correlation was significant (r =
0.978; P < 0.0001).

Quantification of HCV core Ag levels. HCV core Ag levels
were measured using Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
ELISA-Ag, and TRMA-Ag kits. Among the 80 specimens in the
reference panel, core Ag levels could be measured in all samples
using Architect-Ag and ELISA-Ag kits, whereas core Ag levels
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were below the detection limit in 4, 2, and 1 samples using Lumi-
pulse-Ag, Lumispot-Ag, and IRMA-Ag kits, respectively (Fig, 2;
also, see Fig. S1 in the supplemental material). Significant corre-
lations were observed between assays of HCV core Ag and HCV
RNA (r = 0.9065 to 0.9666 and P < 0.0001 compared with CAP/
CTM-RNA data [Fig. 2]); 7 = 0.8877 to 0.9552 and P < 0.0001
compared with ART-RNA data [see Fig. S1 in the supplemental
material]). The theoretical lower limits of detection of these assays
were calculated by use of these correlation formulas and were 3.2
and 3.4 log TU/ml for Architect-Ag, 4.2 and 4.2 log 1U/ml] for
Lumipulse-Ag, 3.7 and 3.9 log IU/ml for Lumispot-Ag, 3.6 and 3.8
log IU/ml for ELISA-Ag, and 3.6 and 3.8 Jog IU/ml for IRMA-Ag
(compared to CAP/CTM-RNA and ART-RNA, respectively).
These calculated detection limits were substantially higher than
those for the RNA quantitative assays (1.18 and 1.08 log IU/ml for
CAP/CTM-RNA and ART-RNA, respectively).

In addition, we found that several samples showed consider-
able deviation from the linear regression (Fig. 2; also, see Fig. S1in
the supplemental material). To identify the deviating samples, we
used Bland-Altman plot analysis (Fig. 3; also, see Fig. S2 in the
supplemental material). This plot shows the difference between
the titer values of HCV RNA and core Ag as a function of the
average of these two values. Several samples demonstrated discor-
dance between the measured HCV RNA and core Ag levels.
Among these samples, we focused on samples with discordant
results in multiple core Ag assays compared to both RNA quanti-
tative assays. For sample C-01, core Aglevels were underestimated
when measured with Architect-Ag, Lumipulse-Ag, and Lu-
mispot-Ag in comparison with CAP/CTM-RNA (Fig. 3) and
when measured with Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
and IRMA-Ag in comparison with ART-RNA (see Fig. S2 in the
supplemental material). Likewise, for sample C-73, core Ag levels
were underestimated when measured with Architect-Ag, Lumi-
pulse-Ag, and IRMA-Ag in comparison with CAP/CTM-RNA
(Fig. 3) and when measured with Architect-Ag and Lumipulse-Ag
in comparison with ART-RNA (see Fig. S2 in the supplemental
material). Thus, sample-specific underestimation was observed in
several HCV core Ag kits.

Nucleotide sequences in core region of reference panel sam-
ples. To clarify the sources of these underestimates of HCV core
Aglevels, HCV RNA was extracted from each of the samples in the
reference panel, and the nucleotide sequences of core regions were
determined. Phylogenetic analysis with these sequences permitted
classification of the individual strains by genotype. Of 80 samples
in the reference panel, 1 (1.3%) was genotype 1a, 35 (43.8%) were
genotype 1b, 26 (32.5%) were genotype 2a, and 18 (22.5%) were
genotype 2b (Table 1; also, see Fig. S3 in the supplemental mate-
rial). These strains were distributed evenly among reference
strains of each genotype and cover the sequence diversity of strains
isolated in Japan (see Fig. S3 in the supplemental material). The
genotypes of samples associated with underestimated core Ag val-
ues (samples C-01 and C-73) were both classified as genotype 2a.

Predicted amino acid sequences of HCV core protein were
aligned with the consensus core protein sequence for the genotype
1b strains obtained in this study (see Fig. 84 in the supplemental
material). Excluding the genotype-specific sequence variations, a
specific amino acid polymorphism was identified at amino acid
(aa) residue 48 (Ala to Thr) in samples C-01 and C-73. Sample
C-01, which yielded underestimated values in most core Agassays,
also possessed an additional polymorphism in the same region,
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FIG 2 Correlation between CAP/CTM-RNA and core Ag levels as quantified by five commercial kits. Data for core Ag levels were converted to log fmol/liter prior
to analysis. In each plot, the lower limit of detection of the respective care Ag assay is indicated by a dotted line. Data for samples below the lower detection limit
of each assay are indicated by shaded circles labeled with the respective sample designations.

specifically an Arg-to-Gly substitution at aa 47. We suspected that
these polymorphisms altered the antigenicity of the core protein,
thereby reducing detected core Ag levels and leading to underes-
timation of values by the core Ag quantification kits. To assess the
correlation of these polymorphisms with the underestimation of
core Ag values, strains containing polymorphisms in this region
(at aa 47 to 49 [Fig. 4]) were identified in Bland-Altman plots of
HCV RNA and core Ag (Fig. 3; also, see Fig. 52 in the supplemental
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material). A total of 12 strains exhibited polymorphisms at these
positions, including 2 strains of genotype 1b, 8 of genotype 2a, and
2 of genotype 2b (Table 1). In the Bland-Altman plot of CAP/
CTM-RNA and Architect-Ag, 4 of 12 values (for samples C-01,
C-16, C-73, and C-74) were located under the line of the lower
95% limit of agreement (Fig. 3A). Likewise, in the plot of CAP/
CTM-RNA and Lumipulse-Ag, 3 of 12 values (those for samples
C-01, C-67, and C-73) were located under the line of the lower
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FIG 3 Bland-Altman plot analysis of CAP/CTM-RNA and core Ag levels as quantitied by five commercial kits. These plots show the difference between the values
of HCV RNA and core Ag as a function of the average of these two values. Data for core Ag levels were converted to log fmol/liter prior to analysis. The bias and
95% limits of agreements are indicated by solid and dashed lines, respectively. Data for samples with polymorphisms at amino acid residues 47 to 49 are indicated
by solid circles. Data points outside the 95% limits are indicated by arrows labeled with the sample designations.

95% limit of agreement (Fig. 3B). In these plots, underestimation
for samples that lacked these polymorphisms (at aa 47 to 49) was
not detected. In the plot of CAP/CTM-RNA and Lumispot-Ag,
only 1 sample (C-01) was located under the line of the lower 95%
limit of agreement, but this sample exhibited the most discordant

TABLE 1 Number of reference panel strains with polymorphisms at
amino acid residues 47 to 49 of the HCV core region

No. (%) of strains

Genotype Total With polymorphisms
la 1 0

1b 35 2(5.7)

2a 26 8 (30.8)

2b 18 2(11.8)

Total 80 12 (15.0)

1946 jcm.asm.org

value (Fig. 3C). In the plot of CAP/CTM-RNA and ELISA-Ag, no
correlation between polymorphisms at these positions and under-
estimation was observed (Fig. 3D). In the plot of CAP/CTM-RNA
and IRMA-Ag, sample C-73 was located under the line of the
lower 95% limit of agreement, as were other samples that lacked
polymorphisms at aa 47 to 49 (Fig. 3E). Similar trends were ob-
served in comparison with ART-RNA levels (see Fig. S2 in the
supplemental material). Based on these results, the levels of HCV
core Ag measured with Architect-Ag and Lumipulse-Ag seem to
be more strongly affected by single polymorphisms at these posi-
tions. In the case of Lumispot-Ag, underestimation may be lim-
ited to specimens with multiple polymorphisms at these positions.

DISCUSSION

The quantification of HCV viral load is essential for selecting an
appropriate antiviral strategy and for monitoring the efficacy of
treatment. Since HCV is known to be highly variable and rapidly
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FIG 4 Alignment of the first 60 amino acids of the HCV core region of strains with polymorphisms at amino acid residues 47 to 49. The position numbers are
given at the top. Dots indicate identical amino acids. The consensus sequence of 1b strains (1b cons.) isolated in this study was determined and used as a reference
sequence. Genotypes of strains are given in parentheses. Positions of polymorphisms are indicated by inverted triangles above the sequence alignment.

evolving (23, 26), the assays for quantifying this virus should be
unaffected by sequence polymorphisms. In this study, we estab-
lished a reference panel with HCV-positive samples and evaluated
the correlation among multiple assays for HCV RNA and core Ag
quantification.

Using this reference panel, we found that the results from two
HCV RNA assay kits, CAP/CTM-RNA and ART-RNA, correlated
with excellent agreement (r = 0.978, P < 0.0001 [Fig. 1]), al-
though discrepancies for values generated by these two assays have
been reported for strains of genotypes 1, 2, and 4 (5, 6, 34). In
Japan, the prevalent genotypes are 1b, 2a, and 2b (11); no geno-
type 4 sample was included in our reference panel (Table 1). In
quantification with CAP/CTM-RNA, underestimation of HCV
RNA titer has been reported for French genotype 2 samples (5). In
our panel, no underestimation was observed for data from geno-
type 2 samples compared to values obtained using ART-RNA.
Therefore, underestimation in quantification with CAP/CTM-
RNA is expected to be rare in Japanese samples, and the two assays
for HCV RNA quantification should be considered accurate and
reliable, at least for Japanese samples. Additionally, the prepared
reference panel appears to be suitable for the evaluation of HCV
quantification assays, because genotypes of samples in this panel
are representative of those found in Japan and viral loads are dis-
tributed evenly across the range of expected titers.

The quantification of HCV core Ag is an alternative test for
HCV infection and viral load. However, in this study, several core
Ag quantitative assays failed to provide accurate results for all of
the samples in the reference panel (Fig. 2). Some quantified values
were below the kits’ detection limits. This shortcoming was
mainly attributable to the lower sensitivity of the core Ag assay
kits; increased sensitivity is urged in the future development of
HCYV core Ag kits. Among the kits tested here, Architect-Ag assay
exhibited the highest sensitivity and was sufficient for quantifying
the viral Joad in all samples. However, even in the case of Archi-
tect-Ag, theoretical lower limits of detection, calculated by corre-
lation formula using CAP/CTM-RNA and ART-RNA, were 3.2
and 3.4 log IU/ml, respectively; these detection limits still ex-
ceeded the lower limits of the HCV RNA quantification assays,
Therefore, the sensitivity of the available HCV core Ag assays is
still insufficient to detect low-titer HCV infections. Core Ag kits
therefore may be unsuitable for the detection of breakthrough
hepatitis during antiviral therapy or for the detection of HCV
infection in a window period.
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Comparison between HCV RNA and core Ag assays revealed
good correlations, with r coefficients ranging from 0.8877 to
0.9666 and P values being less than 0.0001 (Fig. 2; also, see Fig. S1
in the supplemental material). Therefore, the HCV core Ag levels
may serve as an alternative to HCV RNA levels when titers remain
within the detection ranges of the core Ag kits. However, several
discordances were detected when core Ag levels were compared
with those of HCV RNA. For one sample in our panel (sample
C-01), core Ag levels were lower than expected when quantified
using any of the three core Ag kits (Architect-Ag, Lumipulse-Ag,
and Lumispot-Ag) (Fig. 3; also, see Fig. S2 in the supplemental
material). Another sample (C-73) also yielded lower-than-ex-
pected levels when assayed with Architect-Ag and Lumipulse-Ag
kits. Sequence analysis of the core region revealed that polymor-
phisms at aa 47 and 48 correlated with these underestimates by
core Ag kits (see Fig. $4 in the supplemental material). These re-
sults are consistent with our previous study, which suggested that
core Ag levels of HCV strain JFH-1 were underestimated by the
Lumipulse-Ag kit in comparison to the ELISA-Ag assay (28).
Strain JFH-1 harbors an Ala-to-Thr substitution at aa 48; conver-
sion of Thr to Ala at this position in JFH-1 was sufficient to over-
come this underestimation. This region of the core Ag presumably
corresponds to one of the epitopes recognized by the monoclonal
antibodies used in the Lumipulse-Ag kit, such that polymor-
phisms at this position affected the antigenicity of the core pro-
tein. In this study, we found that the presence of other polymor-
phisms in this region (aa 47 to 49) correlated with reduced core Ag
levels as detected by Lumipulse-Ag, as well as by other assays (Ar-
chitect-Ag and Lumispot-Ag). Sample C-01 demonstrated a dras-
tic deviation from expected core Aglevels in these assays (Fig. 3;
also, see Fig. 52 in the supplemental material). The HCV strain in
this sample contains two polymorphisms (Arg to Gly at aa 47 and
Ala to Thr at aa 48); the multiple polymorphisms may impair
antibody binding more severely and therefore result in underesti-
mation of core Ag levels. Interestingly, this sample exhibited rea-
sonable core Ag levels when assayed using ELISA-Ag. Thus, the
underestimation of core protein levels in this sample was kit de-
pendent, suggesting the targeting of distinct epitopes by the anti-
bodies used in each of these kits. This hypothesis could not be
confirmed, because the identity of the epitopes targeted by each kit
is proprietary.

Of 12 samples with amino acid polymorphisms in this region,
2 (5.7%) were of genotype 1b, 8 (30.8%) were of genotype 2a, and
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TABLE 2 Number of strains in the sequence database® with
polymorphisms at amino acid residues 47 to 49 of the HCV core region

No. (%) of strains

With polymorphism

At aa 47 Ataa 48 At aa 49
Genotype Tested (R/C,G) (A/T, P) (T/A, P, L) Total
1b 543 2 (0.36) 4(0.74) 16 (2.96) 22(4.1)
2a 24 0 6(25.0)  1(42) 7(29.2)
2b 39 0 0 2 (6.9) 2 (6.9)

“ http://s2as02.genes.nig.acjp/.

2 (11.8%) were of genotype 2b (Table 1). Searches of the Hepatitis
Virus Database (http://s2as02.genes.nig.ac.jp/) revealed that cor-
responding amino acid polymorphisms were observed in 22 of
543 strains (4.1%) of genotype 1b, 7 of 24 strains (29.2%) of ge-
notype 2a, and 2 of 39 strains (6.9%) of genotype 2b (Table 2).
These percentages were consistent with our observations in the
proposed reference panel. These data (our results and those from
the database) clearly indicate that genotype 2a strains are the most
frequent source of underestimation of core Ag levels. Notably, our
search of the sequence database did not yield any HCV strain with
multiple polymorphisms in the region from aa 47 to 49, as we saw
in our sample C-01. Therefore, strains with such multiple poly-
morphisms are rare so far, but detection of this isolate among
donated blood specimens suggests that such HCV strains could be
emerging in clinical samples. For patients harboring such strains,
HCV viral load may be underestimated if measurement of HCV
viral load is performed by core Ag assay. Such underestimates may
result in erroneous selection of therapy, adversely affecting patient
outcome. Thus, this shortcoming in HCV core Ag assay kits needs
to be addressed.

There is a growing need for evaluation of clinical assay kits with
domestic specimen reference panels, since the performance of
these kits may be affected by the genotypes or polymorphisms of
predominant strains in different geographic regions. To our
knowledge, such an investigation of HCV clinical assay kits with
domestic specimens has not previously been conducted in Japan.
The Japanese HCV reference panel described here was generated
with plasma samples collected from Japanese volunteers. Each
sample was divided into small aliquots, and the panel was pre-
pared in multiple sets. The samples in our HCV reference panel
represent the predominant strains and genotypes seen in Japan.
We expect that this reference panel will be of use for the develop-
ment, evaluation, and optimization of HCV assay kits for the Jap-
anese clinical market.

In conclusion, we have established a Japanese reference panel
for evaluation of HCV quantification assays. Using this reference
panel, we found that two assay kits for HCV RNA could quantify
HCV titers concordantly. We also found that the data generated
by HCV core Ag assay kits correlated with the results of HCV RNA
assays. However, the nominal core Ag levels measured by several
kits underestimated actual levels for HCV samples with polymor-
phisms at aa 47 to 49 of the core Ag. The panel established in this
study is expected to be useful for estimating the accuracy of cur-
rently available and upcoming HCV assay kits; such quality con-
trol is essential for clinical usage of these kits.
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Abstract

Background This study is a post-hoc analysis of a subset
of patients who participated in our multi-institutional case-
control study that evaluated the effects of pitavastatin in
patients with non-alcoholic fatty liver disease (NAFLD)
with hypercholesterolemia.

Methods Serum samples of fifteen patients with biopsy-
proven NAFLD with dyslipidemia were investigated.
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Serum markers of lipid metabolism were quantified by
liquid chromatography-mass spectrometry (LC-MS)/MS.
These data were then compared with those of 36 sex- and
age-matched healthy controls. In addition, changes in these
markers produced by treatment with pitavastatin were
evaluated.

Results Serum non-cholesterol sterols, reflecting intesti-
nal cholesterol absorption, were significantly lower in the
NAFLD patients compared to the controls, and the cho-
lesterol synthesis marker, the ratio of lathosterol to cho-
lesterol, was not significantly different between the two
groups. Serum proportions of liver X receptor o (LXRa)
ligand oxysterols (ratios to cholesterol) were significantly
elevated in the NAFLD patients compared to the controls.
The sum of oxysterols relative to cholesterol and the
homeostasis model assessment as an index of insulin
resistance (HOMA-IR) were significantly correlated. The
marker representing cholesterol synthesis was significantly
suppressed by pitavastatin treatment, from 3 months after
initiation of the treatment, and the suppression remained
significant during the observation period. The markers
representing cholesterol absorption were unchanged at
3 months, but had significantly increased at 12 months.
Serum oxysterol levels relative to cholesterol maintained
high values and did not change significantly during the
12-month period of treatment.

Conclusions: We speculate that serum LXRa ligand
oxystero] levels (relative to cholesterol) could be surrogate
markers of insulin resistance, and that high oxysterol levels
in the circulation may play an important role in the
development of hepatic and peripheral insulin resistance
followed by NAFLD.

Keywords NAFLD - Cholesterol metabolism -
Oxysterol - Bile acids
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized
by an increase in intra-hepatocellular tryglycerides that is
not due to alcohol or other known causes [1]. NAFLD
could be called “insulin resistance-associated steatosis”
because all components of the metabolic syndrome corre-
late with liver fat independent of the body mass index
(BMI) [2]. In addition, hepatic insulin resistance is also
closely correlated with the amount of fat in the liver both in
non-diabetic [3] and type 2 diabetic [4] subjects. Recent
studies have implicated several important hepatic cellular
processes and signaling pathways that are affected by
abnormal lipid metabolism, resulting in the specific bio-
chemical, histological, and clinical changes associated with
NAFLD.

Biological samples contain a large number of oxysterols
[5] and some of them are important molecules to preserve
lipid homeostasis in the body [6]. In particular, 45-hydrox-
ycholesterol, 22R-hydroxycholesterol, 24S-hydroxycholes-
terol, 24.5,25-epoxycholesterol, 25-hydroxycholesterol, and
27-hydroxycholesterol are reported to be endogenous
ligands of a nuclear receptor, liver X receptor o (LXRu;
NR1H3) {7, 8]. When LXRu« is activated by these oxysterols,
the fatty acid biosynthetic pathway is stimulated through the
up-regulation of sterol regulatory element-binding protein
1c (SREBPIc) [9], and an up-regulated SREBPI1c and fatty
acid biosynthetic pathway has actually been observed in
NAFLD [10, 11]. Furthermore, a recent report by Kotronen
et al. [12] showed that diacylglycerols might contribute to
hepatic insulin resistance in NAFLD. Thus, oxysterols
appear to play an important role in the development of
hepatic insulin resistance and NAFLD.

Oxysterols are synthesized from cholesterol, and the
total body pool of cholesterol is enlarged by endogenous
synthesis or by dietary absorption [13]. The use of plasma
sterol biomarkers for cholesterol synthesis and fractional
absorption [14] clarified that obesity [15, 16], the metabolic
syndrome [17], type 2 diabetes [18], and NAFLD [19] were
all characterized by low efficiency of dietary cholesterol
absorption and high cholesterol biosynthesis.

These data suggest that inhibition of the cholesterol
biosynthetic pathway by statins, which are inhibitors of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase, may be an effective way to reduce LXRa ligand
oxysterols in the bodies of NAFLD patients. In fact, statins
have already been used in patients with NAFLD and/or
non-alcoholic steatohepatitis (NASH) complicated with
dyslipidemia or metabolic syndrome [20-22]. Most reports
have demonstrated certain advantages of statin therapy in
NAFLD/NASH patients with dyslipidemia, but their
effectiveness is still controversial. For instance, in a ran-
domized placebo-controlled trial using simvastatin in the
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treatment of NASH, Nelson et al. [22] concluded that
simvastatin did not seem to be an effective treatment for
NASH. We conducted a multi-institutional case-control
study to evaluate the efficacy of pitavastatin, a newly
developed statin, for the treatment of NAFLD with
hypercholesterolemia [23]. In that study, we demonstrated
that the alanine aminotransferase (ALT) and gamma-glut-
amyl transpeptidase (GGT) levels, and serum lipid profiles
(including total cholesterol, low-density lipoprotein [LDL]-
cholesterol and triglyceride), were significantly improved
by 12-month treatment with pitavastatin. However, there
was no significant difference in insulin resistance before
and after pitavastatin treatment in this cohort [23].

The present study is a post-hoc analysis of a subset of
patients who participated in the multi-institutional case-
control study mentioned above, in which we evaluate the
effects of pitavastatin in NAFLD patients with hyper-
cholesterolemia. The aims of the study were to identify
the characteristic features of serum oxysterol profiles,
which could be a clue to an understanding of their bio-
logical roles in the cholesterol metabolism of NAFLD
patients. We found that NAFLD patients had a signifi-
cantly elevated level of certain LXRa ligand oxysterols in
their serum, and pitavastatin did not reverse this elevation
in spite of its strong reducing effect on serum cholesterol
levels.

Subjects, materials, and methods
Subjects

In this prospective study we evaluated 15 patients diag-
nosed with biopsy-proven NAFLD with hypercholesterol-
emia between 2006 and 2009 . Written informed consent
was obtained from each enrolled patient, and the study was
conducted in accordance with the ethical guidelines of the
Declaration of Helsinki and was approved by the ethics and
research committees of each institute participating in this
study (Tokyo Medical University Ibaraki Medical Center,
Hiroshima University, Tokyo Women’s Medical Univer-
sity, and Fujita Health University School of Medicine). In
all patients, current and past daily alcohol consumption was
less than 20 g per week; detailed information regarding
alcohol consumption was obtained independently by at
least 2 physicians and confirmed by close family members.
Exclusion criteria other than alcohol consumption of more
than 20 g per week were: evidence of pregnancy, treatment
with corticosteroid, and hormone replacement therapy.
Subjects using lipid-lowering medication or food enriched
with functional plant stanols or sterols were excluded from
the study. Subjects with positive test results for the fol-
lowing disorders were also excluded: secondary causes of
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steatohepatitis and drug-induced liver injury, viral hepati-
tis, autoimmune hepatitis, primary biliary cirrhosis, a-1-
antitrypsin deficiency, hemochromatosis, Wilson’s disease,
and biliary obstruction. After registration of the study, all
patients received 2 mg/day of pitavastatin (Livalo; Kowa
Pharmaceuticals, Tokyo, Japan) for 12 months. In addition,
all patients were given standard weight-loss counseling and
encouraged to follow a low-fat and low-carbohydrate diet
before and during treatment. Venous blood samples were
taken in the morning(following a 12-h overnight fast) at
baseline and 3 and 12 months after the initiation of pita-
vastatin treatment. Some serum samples were utilized for
various laboratory tests, and the remaining sera were stored
at —20 °C until later analysis.

Fasting sera of 60 healthy volunteers without obesity,
hyperlipidemia, diabetes, or liver dysfunction (obtained for
another study group [courtesy of Professor T. Teramoto,
Teikyo University, with written informed consent from the
healthy volunteers) were obtained, and samples were
selected from 36 sex- and age-matched subjects, and used
as the control group. The control serum samples were
stored and handled as mentioned above.

Quantification of serum lipid biomarkers

Serum non-cholesterol sterols (lathosterol, campesterol,
and sitosterol) and LXR« ligand oxysterols were quantified
by liquid chromatography-mass spectrometry (LC-MS)/
MS as described in our previous papers [24-26]. Briefly,
coprostanol and deuterated oxysterols were added to 10 pl
of serum as internal standards, and alkaline hydrolysis was
carried out in 1 N ethanolic KOH with butylated
hydroxytoluene at 37 °C for 1 h. Sterols were extracted
with n-hexene, derivatized to the picolinyl esters, and
injected into an LC-electron spray ionization (ESI)-MS/
MS system consisting of a TSQ Vantage triple stage
quadrupole mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an HESI-II probe and
a Prominence ultra fast liquid chromatography (UFLC)
system (Shimazu, Kyoto, Japan).

Serum concentrations of 7a-hydroxy-4-cholesten-3-one
(C4), a biomarker of CYP7A1 activity, were determined by
LC-MS/MS without alkaline hydrolysis {27]. Deuterium-
labeled C4 was added to 20 pl of serum and C4 was
extracted with acetonitrile. After derivatization into the
picolinyl ester, it was injected into the LC-ESI-MS/MS
system described above.

Serum malonic acid (MA), a marker of lipogenesis, was
quantified by our previously described method [28]. After
the addition of [13C3]MA as an internal standard, MA was
extracted with acetonitrile from 20 pl of serum, derivatized
into di-(1-methyl-3-piperidinyl)-MA and determined by the
LC-ESI-MS/MS system described above.

Serum acetylcarnitine (ACT), a marker of fatty acid
[-oxidation, was quantified by the method of Ghoshal et al.
[29] with some modifications. In brief, 50 ng of [*H;]ACT
HCl1 was added to 10 pl of serum and ACT was extracted
with 100 ul of acetonitrile-water (19:1, v/v). The extract
was evaporated to dryness and redissolved in 150 ul of
water, and an aliquot (2 pl) was analyzed by LC-ESI-MS/
MS. Chromatographic separation was performed using a
Hypersii GOLD aQ column (150 x 2.1 mm, 3 pm;
Thermo Fisher Scientific) at 40 °C. The mobile phase was
comprised of 0.2 % formic acid in water and was used at a
flow rate of 200 pl/min.

Determination of serum fibroblast growth factor 19
(FGF19)

Serum FGF19 levels were determined by using a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit (Quantikine Human FGF19 Immunoassay;
R&D systems, Minneapolis, MN, USA), following the
manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed either by one-way
analysis of variance or with the two-tailed Student’s ¢-test,
using GraphPad Prism software (GraphPad Software, San
Diego, CA, USA). Results are shown as means -+ SEM,
and P values of less than 0.05 were considered statistically
significant.

Results
Characteristics of the study groups

The sera of 15 NAFLD patients were available for the
determination of lipid biomarkers. The mean ages and ratios
of male/female subjects were not significantly different
between the control and NAFLD groups. In the control
group, none of the subjects were obese (BMI >25), and none
had hypercholesterolemia (total cholesterol >220 mg/dl),
hypertriglycemia (triglyceride [TG] >150 mg/dl), hyper-
tension (systolic blood pressure [BP] >120 mmHg), or dia-
betes, while in the NAFLD group there were 3 subjects with
hypertension, 3 with diabetes, and 10 of the 15 were obese
(BMI >25) (Table 1).

Cholesterol, bile acid, and fatty acid metabolism
in NAFLD patients

As shown in Table 2, serum total cholesterol concentra-
tions were significantly higher in the patients with with
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Table 1 Characterization of the study population

Table 3 Serum LXRa ligand oxysterol levels

Characteristics Control (n = 36) NAFLD (n = 15)
Sex (male/female) 20:16 10:05
Age, years (range) 42.2 (20-49) 43.7 (25-53)
BMI (kg/m?)

<25 36 (100 %) 5

25-29 0

>30 0 3
Hypercholesterolemia 0 15
Hypertension 0
Diabetes mellitus 0

NAFLD non-alcoholic fatty liver disease, BMI body mass index

Table 2 Serum biomarkers representing lipid metabolism

Control NAFLD P
(n = 36) (n=15)
Total cholesterol 177.7 £ 446 242.8 = 13.3  <0.001
(mg/dl)
Cholesterol absorption
Sitosterol 1.90 £ 0.08 0.73 £ 0.06  <0.0001
(ug/mg Chol)
Campesterol 234 + 0.11 0.75 + 0.07 <0.0001
(ng/mg Chol)
Cholesterol synthesis
Lathosterol 329 £0.17 3.03 =031 NS
(Lg/mg Chol)
Bile acid synthesis
C4 (ng/mg Chol) 14.68 + 1.65 13.68 £291 NS
Bile acid absorption
FGF19 (pg/ml) 345.8 + 48.6 195.1 +£21.1 NS
Fatty acid synthesis
Malonic acid 63.0 = 22.6 68.7 + 4.7 NS
(ng/ml)
Fatty acid f-oxidation
Acetylcarnitine 1059.0 = 1953 1011.0 = 1344 NS
(ng/ml)

Chol cholesterol, C4 7o-hydroxy-4-cholesten-3-one, NS not signifi-
cant, FGF19 fibroblast growth factor 19

NAFLD than in controls. Serum non-cholesterol sterols,
reflecting intestinal cholesterol absorption (ratio of sitos-
terol or campesterol to cholesterol), were significantly
lower in NAFLD patients compared to controls
(P < 0.0001), and the cholesterol synthesis marker, the
ratio of lathosterol to cholesterol, was not significantly
different between the two groups.

Bile acid metabolism was investigated by determination
of the concentrations of a biomarker reflecting bile acid
synthesis (ratio of C4 to cholesterol) and FGF19. FGF19 is
an enterokine that is synthesized and released when bile

@ Springer

Control NAFLD P

(n = 36) (n=15)
40OH-Chol (ng/mg Chol) 273+ 11 345+35 <0.05
22ROH-Chol (ng/mg Chol)  Trace Trace
24SOH-Chol (ng/mg Chol) 34.0+09 368 +£25 NS
248,25-epoxy-Chol Trace Trace

(ng/mg Chol)

250H-Chol (ng/mg Chol) 79£06 239:+£26 <0.0001
270H-Chol (ng/mg Chol) 73.14£23 101.1 £ 7.7 <0.0005

LXRa liver X receptor o

acids are taken up into the ileum. Serum FGF19 inhibits the
expression of hepatic CYP7AL1, the rate-limiting enzyme in
the major bile acid biosynthetic pathway. In NAFLD
patients, neither serum C4 levels nor FGF19 concentrations
were significantly different from those in controls
(Table 2).

Fatty acid synthesis and S-oxidation in the subjects with
NAFLD were studied by the quantification of serum MA and
ACT levels, respectively. However, these markers did not
show any differences between NAFLD patients and controls.

Serum LXRa ligand oxysterol levels in NAFLD
patients

The serum levels of LXRa ligand oxysterols (ratios to cho-
lesterol) are shown in Table 3. The levels of 4f-hydroxycho-
lesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol
were significantly elevated, at 26 % (P < 0.05), 303 %
(P <0.0001), and 38 % (P < 0.0005), respectively, in
NAFLD patients compared with controls, although the
24S8-hydroxycholesterol level in NAFLD patients was not
significantly different from that in the controls. 22R-hydrox-
ycholesterol and 24S, 25-epoxycholesterol are reported to be
effective ligands of LXRa, but only trace amounts of these
oxysterols were detected by our present method. The absolute
concentrations of these oxysterols were also elevated in the
NAFLD patients. Not only 4p-hydroxycholesterol (+58 %,
P < 0.001), 25-hydroxycholesterol (+200 %, P < 0.001),
and 27-hydroxycholesterol (+80 %, P < 0.001), but also
24S-hydroxycholesterol was increased (33 %, P < 0.05) in
NAFLD patients.

Effects of pitavastatin treatment on the serum markers

The marker representing cholesterol synthesis (lathosterol
to cholesterol) was significantly suppressed by pitavastatin
treatment, from 3 months after the initiation of the treat-
ment (P < 0.01) and its level remained significantly sup-
pressed during the observation period (12 months after
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T.able 4 Changes in serum Pre-treatment 3 Months 12 Months
biomarkers produced by
pitavastatin treatment Total cholesterol (mg/dl) 242.8 + 133 188.3 & 12.1* 182.7 £ 9.20%
Cholesterol absorption
Sitosterol (ug/mg Chol) 0.73 £+ 0.06 0.91 + 0.08 1.16 £ 0.12%
Campesterol (pg/mg Chol) 0.75 £+ 0.07 0.94 4 0.09 1.24 £ 0.15%
Cholesterol synthesis
Lathosterol (ug/mg Chol) 3.03 + 0.31 1.44 £ 0.27* 1.72 4 0.23%
Bile acid synthesis
C4 (ng/mg Chol) 13.68 4+ 2.91 10.57 £ 2.27 17.23 + 3.44
Bile acid absorption
FGF19 (pg/ml) 195.1 &£ 21.1 172.4 £ 36.3 166.3 4 23.1
Fatty acid synthesis
Chol cholesterol, C4 7a- Malonic acid (ng/ml) 68.7 + 18.4 82.0 £ 5.6 613 & 59
hydroxy-4-cholesten-3-one Fatty acid f-oxidation
*P < 0.01 compared to pre- Acetylcarnitine (ng/ml) 1011.0 + 134.4 914.2 & 98.2 1318.0 + 172.9

treatment

Table 5 Changes in serum LXRa ligand oxysterol levels produced
by pitavastatin treatment

Pre-treatment 3 Months 12 Months

4p0OH-Chol 345 £ 3.5 33.8 +£ 4.3 32.9 £+ 3.0
(ng/mg Chol)

22ROH-Chol Trace Trace Trace
(ng/mg Chol)

24S0OH-Chol 36.8 +2.5 319 £33 36.1 3.2
(ng/mg Chol)

248,25-epoxy-Chol ~ Trace Trace Trace
(ng/mg Chol)

250H-Chol 23.9 + 2.61 223 +£32 162 + 1.7
(ng/mg Chol)

270H-Chol 101.1 £ 7.7 948 £ 11.1 1050 + 64
(ng/mg Chol)

initiation of treatment, P < 0.05) (Table 4). On the other
hand, the markers representing cholesterol absorption
(sitosterol or campesterol to cholesterol) were unchanged
at 3 months after the initiation of pitavastatin administra-
tion, but were significantly increased at 12 months
(P < 0.01). However, the markers for bile acid and fatty
acid metabolism and the levels of oxysterols (relative to
cholesterol) were not changed significantly by pitavastatin
treatment (Tables 4, 5).

Figure 1 shows a comparison of the effects of pita-
vastatin treatment on serum absolute concentrations of total
cholesterol, lathosterol, and oxysterols. Total cholesterol
and lathosterol concentrations were markedly decreased at
3 months, and no further reduction was observed at
12 months. In contrast, the concentrations of oxysterols,
except for 24S-hydroxycholesterol, were significantly
decreased at 12 months after treatment initiation, but not at
3 months. The 24S-hydroxycholesterol concentration

tended to be decreased by pitavastatin treatment, but the
difference from the pre-treatment level was not statistically
significant.

Serum oxysterol levels and insulin resistance

The association between serum oxysterol levels and insulin
resistance, calculated by the homeostasis model assessment
as an index of insulin resistance; HOMA-IR (=fasting
serum insulin (pU/ml) x fasting blood glucose (mg/dl)/
405), was determined. As shown in Fig. 2, the sum of
oxysterols (27-hydroxycholesterol, 25-hydroxycholesterol,
and 4f-hydroxycholesterol: relative to serum cholesterol)
and HOMA-IR were significantly correlated (r2 = 0.2762,
P < 0.001). Among the oxysterols determined in the
present study, 24S-hydroxycholesterol was excluded in this
calculation because a significant increase of 24S-hydroxy-
cholesterol relative to cholesterol was not observed in the
NAFLD patients, as mentioned above. Pitavastatin treat-
ment did not improve the insulin resistance over the
treatment period, similar to results reported in our previous
study [23].

Discussion

This is the first report that demonstrates a significant ele-
vation of serum concentrations of LXRx ligand oxysterols
in NAFLD patients. Most serum oxysterols are found in the
LDL and high-density lipoprotein (HDL) fractions [30],
suggesting that oxysterols are transported in serum with
cholesterol. Accordingly, the hypercholesterolemia found
in NAFLD patients may lead to the overestimation
of oxysterol production in their body. However, we
found that 4f-hydroxycholesterol, 25-hydroxycholesterol,
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Fig. 1 Effects of pitavastatin treatment on serum absolute concen-
trations of total cholesterol, lathosterol, and oxysterols. Pre basal
level before pitavastatin treatment, 3mo serum concentrations at
3 months from initiation of therapy, 12mo serum concentrations at

and 27-hydroxycholesterol levels expressed relative to
cholesterol, but not those of 24S-hydroxycholesterol,were
significantly increased in NAFLD patients compared with
controls (Table 3). Thus, the increased production of LXRa
ligand oxysterols appears to be a characteristic feature of
NAFLD. Because most oxysterols are formed from cho-
lesterol by enzymatic oxidation or autoxidation [25], it may
be reasonable to assume that oversaturation of the tissue
cholesterol concentration results in augmented oxysterol
production. It was intriguing that only 24S-hydroxycho-
lesterol levels expressed relative to cholesterol were not
elevated in NAFLD patients. While serum 4f-hydroxy-
cholesterol, 25-hydroxycholesterol, and 27-hydroxycho-
lesterol are produced by ubiquitously expressed CYP3A4
[31] and CYP27A1 [32], 24S-hydroxycholesterol is syn-
thesized by a brain-specific CYP46A1 [33]. Therefore, our
results suggest that, in NAFLD, the cholesterol metabolism
in the brain is not affected as much as that in other organs.

Cholesterol balance in our NAFLD patients was studied
by the determination of serum markers for intestinal
absorption (sitosterol/cholesterol and campesterol/choles-
terol), biosynthesis (lathosterol/cholesterol), and catabo-
lism to bile acids (C4/cholesterol). The results showed that
cholesterol absorption was significantly reduced, while
cholesterol and bile acid syntheses were not altered in
NAFLD patients compared to controls. The reduced cho-
lesterol absorption in NAFLD was consistent with the
findings of a previous Finnish study [19], but the unchan-
ged cholesterol synthesis was not consistent with the
findings of that study. There are no definitive data to
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explain this inconsistency; however, differences in the
patients’ backgrounds in the two studies should be noted.
First, the severity of liver damage in the study subjects
needs to be considered. In the Finnish study, although
subjects were recruited based on strict exclusion and
inclusion criteria, the diagnosis of NAFLD was based on
the measurement of liver fat content by [1] proton magnetic
resonance spectrometry (H-MRS) without liver biopsy. In
contrast, all NAFLD patients in our cohort were diagnosed
by liver biopsy, and elevation of ALT was greater in our
patient cohort (average ALT level at baseline in the NA-
FLD group was 102.1 U/l in our study, while the level was
39.5 U/l in the Finnish study [19]). Although severe
fibrosis was not seen in any of our enrolled subjects, it is
possible that sustained inflammation acted upon cholesterol
synthesis. Second, the inclusion of patients with hyper-
cholesterolemia in the present study may explain the dif-
ferences in the cholesterol synthesis findings. Because of
the use of pitavastatin, NAFLD patients with hypercho-
lesterolemia were enrolled in the present cohort. It is
possible that, in the present study cohort, cholesterol syn-
thesis was already suppressed due to increased tissue
cholesterol concentration. Third, differences in genetic
background between Finnish and Japanese may also be
discussed. However, it is assumed that increased choles-
terol synthesis is not a major observation in hypercholes-
terolemic NAFLD patients in Japan.

The reason for the reduced cholesterol absorption in
NAFLD bhas not been clarified. However, LXRu«
ligand oxysterols may up-regulate the expression of the
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27-hydroxycholesterol, and 4f-hydroxycholesterol) were plotted
against HOMA-IR

ATP-binding cassette transporters G5 and G8 (ABCGS/
G8) through the activation of LXRo [34]. These trans-
porters are present in the ileal brush-border membrane as
well as in the hepatic apical membrane, and are responsible
for the efffux of cholesterol into the intestinal lumen and
bile duct. Net cholesterol absorption from the intestine
depends on the competing activities of three membrane
proteins: Niemann-Pick Cl1-like 1 (NPCIL1), ABCGS, and
ABCGS8 [35-37]. Pharmacological induction or overex-
pression of ABCG5/G8 in mice decreases fractional cho-
lesterol absorption from the intestine [38, 39]. In addition,
Nakamuta et al. [10] have reported the overexpression of
LXRo and ABCGS genes in the livers of NAFLD patients.
Thus, up-regulation of ABCG5/G8 due to the activation of
LXRa could contribute to the decreased cholesterol
absorption in NAFLD, as demonstrated in the schematic
figure shown in Fig. 3. We have previously reported the
importance of the serum 27-hydroxycholesterol level (rel-
ative to cholesterol) for predicting the effects of a high-
cholesterol diet on plasma LDL cholesterol concentrations
[40]. In subjects with high serum 27-hydroxycholesterol
levels (more than 80 ng/mg cholesterol), serum LDL
cholesterol concentrations tended to increase after

cholesterol ingestion (750 mg/day for 4 weeks) compared
with findings in those with low serum 27-hydroxycholes-
terol levels (<80 ng/mg cholesterol). These results suggest
that ABCG5/G8 proteins were fully up-regulated before
cholesterol loading in the subjects with high 27-hydroxy-
cholesterol levels, so that they might have been unable to
adapt to a high-cholesterol diet.

The above cholesterol loading study showed that the
relative 27-hydroxycholesterol levels were quite stable and
were not influenced by the cholesterol loading itself or by
the change of serum cholesterol concentrations after the
cholesterol loading [40]. Stability of oxysterol levels was
also observed during the treatment with pitavastatin in the
present study. In NAFLD patients, pitavastatin markedly
reduced serum cholesterol concentrations in parallel with
the inhibition of cholesterol biosynthesis (Table 4), and
serum total cholesterol concentrations became normal and
were not significantly different from those in untreated
control subjects after 3 months of treatment. However,
levels of LXRa ligand oxysterol expressed relative to cho-
lesterol remained high and did not change significantly
during the 12-months period of pitavastatin treatment
(Table 5). As shown in Fig. 1, the stability of oxysterol
levels is due to the extremely slow reduction of absolute
oxysterol concentrations compared with cholesterol and
lathosterol. This finding also supported our hypothesis that
the increase of oxysterol found in NAFLD is not only due to
an increase of tissue cholesterol but is also due to other
factors. All enrolled NAFLD patients in the present study
cohort had insulin resistance according to HOMA-IR, and
pitavastatin treatment did not improve the insulin resistance
over the treatment period [23]. Plots of each determined
oxysterol/cholesterol ratio and HOMA-IR demonstrated the
significant associations between serum oxysterols and
insulin resistance (Fig. 2). We speculate that serum LXRo
ligand oxysterol levels (relative to cholesterol) could be a
surrogate marker of insulin resistance, and that high oxy-
sterol levels in the circulation may play an important role in
the development of hepatic and peripheral insulin resistance
followed by NAFLD. A study by Biddinger et al. [41]
demonstrated the increased expression of ABCG5/G8 in the
insulin-resistant liver, associated with increased biliary
cholesterol excretion, and increased susceptibility to cho-
lesterol gallstones. This finding is also suggestive of the
involvement of oxysterol in increasing the expression of
ABCGS5/G8 in conditions with insulin resistance. The pre-
cise mechanism of how insulin resistance and oxysterol are
linked should be elucidated in future studies.

In the present study, the C4-to-cholesterol ratio (C4/
Chol; a biomarker representing bile acid synthesis) and
FGF19 were not significantly different between the NA-
FLD patients and controls. In addition, the administration
of pitavastatin exerted no effect on C4/Chol despite
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Fig. 3 Schematic figure demonstrating the hypothesis that up-regu-
lation of ABCGS5/G8 due to the activation of liver X receptor o
(LXRe) could contribute to the decreased cholestero]l absorption in

producing a marked decrease in the serum cholesterol level.
These findings suggest a lack of enhanced bile acid syn-
thesis and secretion in NAFLD patients with hypercholes-
terolemia despite their increased cholesterol concentrations.
A recent report also suggests that the hepatic response to
FGF19 is impaired in patients with NAFLD and insulin
resistance [42]. As poor adjustment of the bile acid syn-
thesis system for an increased cholesterol level in humans
may be a potential risk for metabolic syndrome, it has been
suggested in recent studies that the alteration of bile acid
signaling and/or hepatic flux may contribute to the patho-
genesis of NAFLD and metabolic disorders [43]. This idea
is consistent with the report by Yang et al., which demon-
strated that the levels of FXR protein and mRNA were
decreased in patients with NAFLD, whereas those of LXR
were increased [44]. Hence, further clinical studies of bile
acid metabolism in NAFLD should also be performed.
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non-alcoholic fatty liver disease (NAFLD). HMG-CoA 3-hydroxy-3-
methylglutaryl-coenzyme A

In conclusion, NAFLD patients showed significantly ele-
vated levels of LXRa ligand oxysterols, 45-hydroxycholes-
terol, 25-hydroxycholesterol, and 27-hydroxycholesterol in
their sera. The reduced intestinal cholesterol absorption in
NAFLD seemed to be caused by the upregulation of ABCG5/
8 through the activation of LXRa by the oxysterols. The
inhibition of cholesterol biosynthesis by pitavastatin nor-
malized serum cholesterol concentrations in 3 months, but
the abnormal oxysterol levels (relative to cholesterol) had not
recovered by the end of the 12 months of treatment.
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Abstract

Bezafibrate is a widely used hypolipidemic agent and is known as a ligand of the peroxisome
proliferator-activated receptors (PPARs). Recently this agent has come to be recognized as a
potential anticholestatic medicine for the treatment of primary biliary cirrhosis (PBC) that does
not respond sufficiently to ursodeoxycholic acid (UDCA) monotherapy. The aim of this study
was to explore the anticholestatic mechanisms of bezafibrate by analyzing serum lipid
biomarkers in PBC patients and by cell-based enzymatic and gene expression assays. Nineteen

patients with early-stage PBC and an incomplete biochemical response to UDCA (600 mg/day)

- monotherapy were treated with the same dose of UDCA plus bezafibrate (400 mg/day) for 3

months. In addition to the significant improvement of serum biliary enzymes, IgM, cholesterol
and triglyceride concentrations in patients ftreated with bezafibrate, reduction of
7o-hydroxy-4-cholesten-3-one (C4), a marker of bile acid synthesis, and increase of
4B-hydroxycholesterol, a marker of CYP3A4/5 activity, were observed. In vifro experiments
using human hepatoma cell lines demonstrated that bezafibrate controlled the target genes of
PPARao, as well as those of the pregnane X receptor (PXR); downregulating CYP7A1, CYP27A1
and sinusoidal Na'/taurocholate cotransporting polypeptide (NTCP), and upregulating CYP3A4,
canalicular multidrug resistance protein 3 (MDR3), MDR1 and multidrug resistance-associated
protein 2 (MRP2). Conclusion: Bezafibrate is a dual PPARs/PXR agonist with potent
anticholestatic efficacy in early-stage PBC patients with an incomplete biochemical response to

UDCA monotherapy.
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