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of liver stiffness. Fibrosis was staged on a 0-4 scale as
follows: FO, no fibrosis; F1, portal fibrosis without septa;
F2, portal fibrosis and few septa; F3, numerous septa
without cirrhosis; F4, cirrhosis. The chronic hepatitis
activity was graded as follows: A0, none; Al, mild; A2,
moderate; and A3, severe.

Real-time elastography

We used ultrasonography (Hitachi EUB-8500; Hitachi
Medical, Chiba, Japan) and an EUP-L52 Linear probe
(3-7 MHz; Hitachi Medical) for real-time tissue elasto-
graphy (RTE). This system is commercially available
currently for the diagnosis of mammary neoplasms [17].
Patients were examined in a supine position with the
right arm elevated above the head, and were instructed to
hold their breath. The examination was performed on the
right lobe of the liver through the intercostals, because liver
biopsy and Fibroscan were also performed at the same site.
The RTE equipment displays two images simultaneously;
the RTE image showing the region of interest (ROI) as a
colored area and the conventional B-mode image (Fig. 1a).
An area was chosen where the tissue was free of large
vessels and near the biopsy point. The measurement was
fixed to a rectangle with 30 mm length x 20 mm breadth
placed 5 mm below the surface of the liver (Fig. 1a). The
color in the ROJ was graded from blue to red (Fig. 1b). We
stored the RTE images as moving digital images for
2040 s. Then ten static images, captured by the observer
at random from the moving images, using AVI2JIPG v6.10
converter software (Novo, Tokyo, Japan), were analyzed
using the novel software Elasto_ver 1.5.1 (which was
developed and donated by Hitachi Medical) on a personal
computer. Numerical values of pixels were from 0 to 255
(256 stepwise grading) according to color mapping from
blue (0) to red (255), and a histogram of the distribution was
generated (Fig. 1c). The scale ranged from red for compo-
nents with the greatest strain (i.e., softest components) to
blue for those with no strain (i.e., hardest components).
Green indicated average strain in the ROI, and therefore
intact liver tissue displayed a diffuse homogeneous green
pattern. An appearance of unevenness in the color pattern
was considered to reflect a change in the liver stiffness. For
quantification, all pixel data in the colored image were
transformed into a histogram and binary image (Fig. 1c, d).
Colored RTE images are usually classified into several
patterns in the diagnosis of breast disease [17]. In this
study, we evaluated liver fibrosis as three patterns: a diffuse
soft pattern, an intermediate pattern, and a patchy hard
pattern. The diffuse soft pattern was a relatively homo-
genecously spread, light-green colored image (Fig. 2a; the
corresponding histology is shown in Fig. 2d). The inter-
mediate pattern was typified by a partially mottled, dotted
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image with blue spots on a light green background
(Fig. 2b; the corresponding histology is shown in Fig. 2¢).
The patchy hard pattern comprised mixed images with a
patchwork effect of light green, red, and blue (Fig. 2c; the
corresponding histology is shown in Fig. 2f).

Transient elastography

Liver stiffness was also measured by transient elastography
(Fibroscan®; Echosens SA, Paris, France). Briefly, patients
were placed on the bed in the horizontally supine position. A
probe was placed on the skin above the right intercostal
space. The velocity of shear waves, which were generated
temporarily and passed though the liver, was combined with
Young’s modulus for the automated calculation of elasticity
[9]. Ten successful acquisitions were performed on each
patient. The results that obtained ten valid measurements
with a success rate of at least 60% and an interquartile range
under 30% were considered successful. A median of 10 valid
measurements was regarded as the liver stiffness for a given
subject, and expressed in kilopascals (kPa).

APRI

The APRI was calculated as follows: aspartate amino-
transferase (/upper limit of normal) x 10/platelet count
(10%mm?).

Statistical analysis

Box plots were used to study the distribution of the RTE
values according to the stage of fibrosis. The trends were
evaluated using the Jonckheere—Terpstra test. The Tukey—
Kramer test was used to compare the data between the
groups. The diagnostic performance of RTE parameters
and transient elastography was assessed with receiver
operating characteristic (ROC) curves. The ROC curve is a
plot of the sensitivity versus 1-specificity for all possible
cutoff values. The most commonly used index of accuracy
is the area under the receiving operating characteristic
curve (AUC), with values close to 1.0 indicating high
diagnostic accuracy. Analyses were performed using JMP-
8 software (SAS Institute, Cary, USA).

Results
Patients

The characteristics of our 101 patients with chronic HCV
infection at the time of RTE and transient elastography are
summarized in Table 1. In 91 of them, liver biopsy was
performed successfully. Ten patients, who had no clinically
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Fig. 1 Procedure of image analyses for real-time tissue elastography
(RTE). a The region of interest (ROI) was fixed to a rectangle with
about 30 mm length x about 20 mm breadth with a 400~600 mm?>
area placed 5 mm below the surface of the liver. b The color-coded
images from the ROI of RTE were analyzed by the software
Elasto_ver 1.5.1. The colors ranged from blue to red, indicating the
relative gradients from hardness to softness. ¢ Mean and Standard
Deviation were calculated by a histogram, which was generated by
256 stepwise grading derived from the color image obtained in
b. d Area and Complexity were calculated from the binary image.
Area was derived from the percentage of white regions (asterisks, i.e.,
hard area). Complexity was calculated by the following equation,
peripheryZ/Area Median value of the data was kept as representative
of RTE parameters

overt sign of decompensated cirrhosis, were diagnosed
with cirrhosis (F4) by the appearance of the liver surface at
laparoscopy without liver biopsy. RTE was performed
successfully in all patients, but five patients (F1, 2; F3, 1;
F4, 2) failed to receive transient elastography measure-
ments due to obesity and liver atrophy.

Representative images of real-time tissue elastography

The results were described as the Mean, which indicates the
mean of the histogram and ranges from 73.0 to 139.8 (median
111.9), and Standard Deviation (SD), which indicates the
standard deviation of the histogram and ranges from 36.5 to
76.6 (median 60.8). In another analysis, the data were
transformed into a binary image and the results were

diffuse soft
pattern

intermediate
pattern

patchy hard
pattern

Stiffness
»n
o

Fig. 2 Representative colored images of real-time tissue elastogra-
phy. a A case of FI1 whose histology is shown in d. Relatively
homogeneous image colored light green indicates a diffuse soft
pattern in RTE. Liver stiffness measured by transient elastography
(Fibroscan) was 4.1 kPa. b A case of F3 whose histology is shown in
e. Partially mottled and dotted image with blue and red spots in the
light green background indicates an intermediate pattern in RTE.
Liver stiffness measured by Fibroscan was 9.6 kPa. ¢ A case of F4
whose histology is shown in f. Mixed image with light green, blue,
and red colors indicates patchy hard pattern. Liver stiffness measured
by Fibroscan was 36.3 kPa. g Correlation of the averages of liver
stiffness measured by Fibroscan with the three patterns of RTE
images. The transition of these three patterns correlated positively
with the liver stiffness (p < 0.01). d—f H&E staining. Yellow bars
2 mm

described as Area, which indicates the percentage of hard
tissue and represents the hard tissue domain divided by the
ROI and ranges from 5.0 to 54.7% (median 24.8%), and
Complexity, which indicates the complex ratio of the shape
of an extracted hard tissue domain in the ROI and is calcu-
lated as periphery?/area of the hard tissue domain and ranges
from 15.9 to 40.21 (median 22.9) (Fig. 1d). The four image
features were calculated automatically by Elasto_ver 1.5.1
(Hitachi Medical). Mean, SD, and Complexity were descri-
bed in arbitrary units [a.u.].

The colored RTE images were classified into three patterns
according to their visual appearance. The values for liver
stiffness measurement by transient elastography (Fibroscan)
were 6.9 £ 4.5, 10.9 £ 6.8, and 26.0 £ 15.8 kPa in the dif-
fuse soft pattern group, intermediate pattern group, and patchy
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Table 1 Characteristics of the patients at the time of real-time tissue
elastography examination

Characteristics Patients (n = 101)

Sex: male/female 43/58

Age (years) 54 £ 13 (range 24-80)
BMI (kg/m?) 22.1 £ 3.1 (range 15.1-32.3)
Platelet count (x 104/mm3) 164 £ 6.6
Total bilirubin (mg/dL) 09 + 04
Prothrombin time (INR) 102+ 0.1
ALT (IU/L) 582+ 412
Fibrosis stage
FO 6
Fl 48
F2 15
F3 16
F4 16
Histological activity of 91 patients with liver biopsy
A0 2
Al 24
A2 45
A3 20

Values are means = SEM
BMI body mass index, ALT alanine aminotransferase
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Fig. 3 Parameter analyses measured by real-time tissue elastography
(RTE) for each fibrosis stage. Box plots of each RTE value
corresponding to fibrosis stages F1-4 and the healthy volunteer
group (HV). The tops and bottoms of the boxes indicate the st and
3rd quartiles. The length of the box represents the interquartile range
within which 50% of values are located. The lines through the
middles of the boxes represent the medians. a Mean, b SD, ¢ Area,
and d Complexity. HV, n=10. F14, n =95, *p < 0.01, and
**+p < 0.05
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Fig. 4 Correlation between liver stiffness measured by transient
elastography (Fibroscan) and the parameters of real-time tissue
elastography. a Mean was negatively cormelated with liver stiffness
(kPa) (p < 0.01). Correlation coefficient was —0.585. b SD was
significantly correlated with Liver stiffness (kPa) (p < 0.01). Corre-
lation coefficient was 0.425. ¢ Area was significantly correlated with
liver stiffness (kPa) (p < 0.01). Correlation coefficient was 0.590.
d Complexity was significantly correlated with liver stiffness (kPa)
(p < 0.01). Correlation coefficient was 0.532 (n = 96). a.u. arbitrary
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Fig. 5 Receiver operating characteristic curves of each parameter
obtained by RTE. a No significant fibrosis (FO-1). b Cirrhosis (F4).
a The areas under the receiver operating characteristic curves (AUC)
for no significant fibrosis (FO—1) were 0.89, 0.81, 0.87, 0.81, and 0.92
for Mean (red), SD (blue), Area (yeliow), Complexity (pink), and
transient elastography (Fibroscan, black), respectively. b The AUCs
for cirrhosis were 0.91, 0.84, 0.91, 0.93, and 0.95 for Mean, SD, Area,
and Complexity, and transient elastography, respectively (n = 96)

hard pattern group, respectively. Thus, these three patterns
correlated significantly with the kPa values obtained
by transient elastography (Jonckheere-Terpstra test, p <
0.0001) (Fig. 2g).

Relationship between real-time tissue elastography
and histological parameters

Figure 3a—d shows box plots of the RTE values corre-
sponding to fibrosis stage and includes the healthy volunteer
(HV) group. The Mean decreased with increasing fibrosis
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score (Jonckheere-Terpstra test, p < 0.0001). SD, Area,
and Complexity increased with increasing fibrosis score
{Jonckheere-Terpstra test, p < 0.0001). The significant dif-
ferences between each fibrosis stage were as follows: HV
versus F3 and F4, F1 versus F3 and F4, and F2 versus F4 at
every parameter; HV versus F2 at Mean, SD, and Area; F1
versus F2 at Mean; F2 versus F3 at Mean; F3 versus F4 at
Complexity (Tukey—Kramer test, p < 0.05) No significant
difference was found berween the chronic hepatitis activity
grades with same fibrosis stage at all parameters (Tukey—
Kramer test).

Relationship between real-time tissue elastography
and liver stiffness

Figure 4a—d, shows linear regression analysis of the values
obtained by RTE compared to the liver stiffness values
{kPa) obtained by transient elastography (Fibroscan).
Simple regression analyses indicated that Mean, SD, Area,
and Complexity were all significantly correlated with liver
stiffness measured by Fibroscan (Mean: r = —0.585,
p <0.001; SD: r = 0.425, p <0.001; Area: r = 0.590,
p < 0.001; Complexity: r = 0.532, p < 0.001).

Relationship between real-time tissue elastography
and platelet count, APRI, and other laboratory
parameters

Simple regression analyses indicated that all Mean, SD,
Area, and Complexity values were significantly correlated
with the platelet count (Mean: r = 0.432, p < 0.001; SD:
r=—0332, p=0.001; Area: r = -0.402, p <0.001;
Complexity: r = —0.393, p < 0.001). In addition, simple
regression analyses indicated that Mean, SD, Area, and
Complexity were all significantly correlated with APRI
(Mean: r = —0.442, p < 0.001; SD: r = 0.373, p < 0.001;
Area: r= 0425, p <0.001; Complexity: r= 0418,
p < 0.001). Furthermore, the correlation coefficient was
significant for prothrombin time (Mean: r = —0.404,
p < 0.001; SD: r =0.343, p < 0.005; Area: r = 0.435,
p < 0.001; Complexity: r = 0.440, p < 0.001), while no
significant correlation was found for the four image features
and total bilirubin, age, BMI, or alanine aminotransferase.

Diagnostic value of real-time tissue elastography
and transient elastography

Figure 5 shows the ROC curves of RTE parameters for no
significant fibrosis (FO-1) and cirrhosis (F4) in ninety-six
patients who were also examined successfully by transient
clastography. The AUCs for the stage of no significant
fibrosis (FO-1) were 0.89, 0.81, 0.87, and 0.81 for Mean,
SD, Area, and Complexity, respectively. The AUCs for

severe fibrosis (=F3) were 0.93, 0.84, 0.91, and 0.86 for
Mean, SD, Area, and Complexity, respectively. The AUCs
for cirrhosis (F4) were 091, 0.84, 0.91, and 0.93 for Mean,
SD, Area, and Complexity, respectively. In transient elas-
tography (Fibroscan), the AUCs were 0.92, 0.95, and 0.95
for stages FO-1, >F3s and F4, respectively. The corre-
sponding sensitivities, specificities, and positive and nega-
tive predictive values are detailed in Table 2.

Discussion

Recently, various techniques based on ultrasound or mag-
netic resonance imaging have been developed to quantify

Table 2 Cutoff values of real-time tissue elastography (image fea-
tures) and transient elastography for the diagnosis of fibrosis stages

)

F=0-1 F=3 F=4

Mean (AUC) 0.89 0.93 0.91
Cutoff (a.u.) 110.1 106.9 1015
Sensitivity (%) 84.1 82.8 85.7
Specificity (%) 827 85.1 82.9
Positive predictive value (%) 80.4 70.6 46.2
Negative predictive value (%) 86.0 91.9 97.1

SD (AUC) 0.81 0.84 0.84
Cutoff (a.u.) 61.2 63.0 65.7
Sensitivity (%) 70.5 759 78.6
Specificity (%) 73.1 77.6 79.3
Positive predictive value (%) 68.9 59.5 39.3
Negative predictive value (%) 74.5 88.1 95.6

Area (AUC) 0.87 0.91 091
Cutoff (%) 25.8 205 33.7
Sensitivity (%) 81.8 79.3 857
Specificity (%) 80.8 80.6 86.6
Positive predictive value (%) 78.3 63.9 522
Negative predictive value (%) 79.6 90.0 973

Complexity (AUC) 0.81 0.86 0.93
Cutoff (a.u.) 232 249 278
Sensitivity (%) 77.3 79.3 85.7
Specificity (%) 75.0 80.6 87.8
Positive predictive value (%) 723 63.9 54.5
Negative predictive value (%) 19.6 90.0 973

Transient elastography (AUC) 0.92 0.95 0.95
Cutoff (kPa) 10.1 133 16.3
Sensitivity (%) 88.6 89.7 85.7
Specificity (%) 86.5 86.6 854
Positive predictive value (%) 84.8 74.3 50.0
Negative predictive value (%) 90.0 95.1 97.2

AUC the area under the receiver operating characteristic curves,
a.u. arbitrary units
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liver stiffness, and thereby liver fibrosis, noninvasively.
Among them, transient elastography (Fibroscan) has been
used most frequently worldwide and has become estab-
lished in clinical practice to detect advanced fibrosis
without liver biopsy, although several limitations and dis-
advantages of the modality have been discussed {8, 24].
Another novel imaging modality is magnetic resonance
elastography (MRE). The technique typically is added to a
conventional MR examination of the upper abdomen [25].
A pneumatic or electromechanical driver is placed in
contact with the abdominal wall and is vsed to generate
propagating mechanical waves in the liver at frequencies
between 40 and 120 Hz. Although MRE was shown to be
superior to APRI and transient elastography for determin-
ing the stage of fibrosis in patients with various underlying
liver diseases [26], MRE cannot be performed on an iron-
overloaded liver because of noise. In addition, MRE takes a
longer time and costs more than the ultrasound-based
elastographies [2].

We paid attention in our analysis to the pattern change
of RTE color images according to the progression of
fibrosis. Normal or minimally fibrotic liver exhibited a
homogeneous RTE image that was colored light green
(Fig. 2a). According to the progression of liver fibrosis, the
homogeneous pattern transited to a patchy pattern con-
sisting of a blue-colored area (Fig. 2¢), which may suggest
a collapse of homogeneity. In the present study, for semi-
quantification of the RTE image, we used a histogram and
binary image produced using an exclusive software pro-
gram that was developed by Hitachi Medical. This is the
first report demonstrating the utility of Mean, SD, Area,
and Complexity as RTE parameters. We speculate that
Mean and Area may directly represent liver elasticity,
while SD and Complexity may imply the collapse of the
uniform architecture of the liver parenchyma concomitant
with progressing hepatic fibrosis (Figs. 3, 5).

After the report by Friedrich-Rust et al. [21] other
investigators criticized the intraobserver variability and the
lack of interobserver agreement in hepatic RTE [27-29]. In
general practice, an operator presses lightly on the surface
of the liver through the skin with a transducer when the
elastogram is generated. Thus, the pressure generated by
the operator’s compression is assumed to influence both the
image of elasticity and the resulting elasticity score. To
avoid this source of error, we used here the latest and most
sensitive probe that was produced by Hitachi Medical and
did not require extra external stress. Accordingly, we were
able to improve the acquisition of the color image repre-
senting the distortion of liver tissue under the heartbeat or
abdominal aorta. We also adopted ten individual frames for
semi-quantitative analysis. On the other hand, Saftoiu et al.
and Gulizia et al. have proposed that the ROI should
include the surrounding tissues, such as adipose tissue,
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diaphragm, and intercostal muscles, in order to clearly
compare and distinguish the strain between the liver and
these organs [27, 30]. However, we placed the ROI inside
the liver at 5 mm below the surface of the liver, because the
new probe used in this study is sensitive and the deep
attenuation of the ultrasound image could be disregarded.
We avoided including the liver surface inside the ROI
because the liver surface is hard and therefore is assessed as
a harder area, influencing the histogram analysis. Recently,
Tatsumi et al. [31] also reported the results of RTE using the
ROI inside the liver in a similar fashion to our study.

We note that all four image features of RTE, comprising
Mean, SD, Area, and Complexity, were significantly cor-
related with the kPa value obtained by Fibroscan {8, 11-13].
In particular, Mean and Area had a high correlation. In
addition, the AUC values were similar between RTE and
Fibroscan. Mean and Area were highly accurate for the
diagnosis of significant fibrosis (i.e., >F0-1) and for the
diagnosis of cirrhosis (F4). Although the performance of
Fibroscan has been demonstrated in many studies to have
high accuracy [4, 8], the machine is used solely for elasticity
measurements. In contrast, with the new equipment used in
the present study, RTE can be used simultaneously with
conventional B-mode ultrasonography. Moteover, as
reported by Obara et al. [32], liver stiffness measurement by
Fibroscan was unsuccessful in 5.3% of Japanese cases of
chronic liver disease, similar to our experience in the
present study (5.0%). Thus, RTE is considered to be supe-
rior to Fibroscan at points where measurements by Fibro-
scan are difficult to perform in obese patients and are
impossible to perform in patients with ascites [32, 33], and
where RTE images are unaffected by steatosis, as suggested
previously by Friedrich-Rust et al. [29]. Furthermore,
because Fibroscan measures liver stiffness between 25 and
65 mm below the surface of the skin [10], knowledge of the
relative thickness of the liver is necessary for the
measurements.

The diagnostic performance of RTE is similar to that of
other noninvasive laboratory tests, such as the FibroTest
(BioPredictive, Paris, France), APRI, and the Foms score
reported in the literature [4, 8]. The FibroTest is based on
five serological parameters; bilirubin, gamma-glutamyl
transpeptidase (GGT), apolipoprotein Al, a2-macroglobu-
lin, and haptoglobin. While the diagnostic accuracy was
high (AUC 0.87) for significant fibrosis (METAVIR, >F2),
the FibroTest costs more than APRI and the Forns score,
and needs two uncommon parameters [34]. In APRI, using
the cutoffs proposed by Wai et al. [5], approximately 50%
of patients could be correctly classified as having cirrhosis
without a liver biopsy5. With the Forns’ index, the AUC for
the prediction of significant fibrosis (Scheuer classification,
>F2) was 0.86 in the test set and 0.81 in the validation set
[35]. Tt is, however, known that the determination of the
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severity of liver fibrosis by serum markers is confounded by
acute inflammation, hemolysis, cholestasis, and renal fail-
ure [4, 5, 34, 35]. Castera et al. [11] compared the perfor-
mance of transient elastography with that of the FibroTest,
APRY], and liver biopsy for the assessment of liver fibrosis in
a large number of patients with hepatitis C. Interestingly,
they reported that the best performance was achieved by a
combination of transient elastography with the FibroTest
[11]. Friedrich-Rust et al. reported that the best diagnostic
accuracy was obtained by combining the variables used for
the calculation of the RTE elasticity score with the platelet
count and GGT [18]. Thus, RTE, in combination with
serological parameters, can further improve the accuracy of
differentiating fibrosis stages.

One of the major limitations of the present study was
that the number of patients with F1 was higher than the
number of those with the other stages, because most of our
patients received liver biopsy prior to interferon treatment.
However, our study compared the performance of RTE
with that of transient elastography in the same patients.
Although the AUC for RTE in this study was higher than
that in the studies by Friedrich-Rust et al. [21, 29], the
AUC for transient elastography was approximately equi-
valent to that in one of these studies [29].

In the METAVIR and Desmet’s histological scoring
systems, cirrhosis is classified as a single category (i.e., F4)
[22, 23]. However, the degree of fibrosis; for example, the
content of collagen and extracellular matrix materials that
may be closely associated with the function of hepatocytes
and portal hypertension, may vary among patients with
cirthosis. Foucher et al. [36] reported that the kPa mea-
sured by transient elastography in cirrhotic patients corre-
lated well with clinical parameters indicating the severity
of cirthosis; 27.5 kPa was the cutoff value for the presence
of esophageal varices stage 2 or 3, 37.5 kPa for liver
function Child B or C, 49.1 kPa for a past history of
ascites, and 62.7 kPa for esophageal variceal bleeding.
Thus, because cirrhosis can be staged in greater detail with
clinical relevance based on liver stiffness with RTE, RTE
may be useful for this staging of cirrhosis and for detecting
and assessing the risk of cirrhotic complications [36].

In summary, we have shown a convenient and nonin-
vasive procedure, RTE, for the visual assessment of liver
stiffness, The performance of RTE compares favorably
with that of transient elastography (Fibroscan) for detecting
the presence of significant liver fibrosis in patients with
chronic hepatitis C. We suggest that RTE could be used as
a routine imaging method to evaluate the degree of liver
fibrosis in patients with liver disease. Future studies of
larger patient cohorts will be necessary for the validation of
the four RTE parameters, and the combination of these
parameters will enable improvement of accuracy in
assessing hepatic fibrosis.
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Nonalcoholic steatohepatitis (NASH) progresses to
liver fibrosis and cirrhosis, which can lead to life-
threatening liver failure and the development of hep-
atocellular carcinoma. The aim of the present study
was to create a rabbit model of NASH with advanced
fibrosis (almost cirrhosis) by feeding the animals a
diet supplemented with 0.75% cholesterol and 12%
corn oil. After 9 months of feeding with this diet, the
rabbits showed high total cholesterol levels in serum
and liver tissues in the absence of insulin resistance.
The livers became whitish and nodular. In addition,
the number of rabbit macrophage antigen-positive
cells and the expression of mRNAs for inflammatory
cytokines showed a significant increase. Moreover, fi-
brotic septa composed of collagens and a-smooth mus-
cle actin-positive cells were found between the central
and portal veins, indicating alteration of the parenchy-
mal architecture. There was also a marked increase of
mRNAs for transforming growth factor-81 and collagen
1A1. Comprehensive analysis of protein and gene ex-
pression revealed an imbalance of the antioxidant sys-
tem and methionine metabolism. We also found that
ezetimibe attenuated steatohepatitis in this model. In
conclusion, the present rabbit model of NASH features
advanced fibrosis that is close to cirrhosis and may be
useful for analyzing the molecular mechanisms of human
NASH. Ezetimibe blunited the development of NASH in this
model, suggesting its potential clinical usefulness for hu-
man steatohepatitis. (Am J Pathol 2010, 177:153-165; DOI:
10.2353/ajpath.2010.090895)

A high-fat diet is one of the risk factors for metabolic
syndrome, which is characterized by obesity, hyperlipid-
emia, hyperglycemia, and hypertension, and is frequently
accompanied by life-threatening arteriosclerosis.” A
high-calorie, high-fat diet is also considered to cause
nonalcoholic fatty liver disease (NAFLD), which covers a

spectrum of disorders from simple steatosis tc nonalco-
holic steatohepatitis (NASH) and cirrhosis.>™ Recent
clinical studies have shown that NAFLD is one of the
common liver diseases that leads to cirrhosis and hepa-
tocellular carcinoma?® in a manner similar to the clinical
course of chronic viral hepatitis and alcohol abuse.®
However, the molecular mechanisms underlying the pro-
gression of NAFLD to an advanced stage with active
inflammation and fibrosis are not fully understood. We
recently reported a rabbit model of steatohepatitis that
was generated by feeding the rabbit a high-fat and -cho-
lesterol diet (HFD) supplemented with 20% corn oil and
1.25% (wiw) cholesterol for 8 weeks.” The rabbit showed
insulin resistance, accumulation of lipids in hepatocytes,
activation of Kupffer cells (liver macrophages), mild fibro-
sis, and enhanced oxidative stress. Thus, we concluded
that this model was useful for analyzing the molecular
mechanisms involved in the pathogenesis of human
NASH. However, rabbits fed a HFD have a short lifespan
attributable to heart failure accompanied by severe arte-
riosclerosis.® This makes it difficult to study whether ad-
vanced fibrosis or even cirrhosis can be caused solely by
HFD feeding. We therefore tried to improve the model
and produce NASH with advanced fibrosis, which is
more similar to the disease observed in humans that
gradually develops after several decades. In the present
study, this was accomplished by reducing the concen-
trations of cholesterol and corn oil in the diet and by
prolonging the feeding petriod from 2 to 9 months.
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NAFLD/NASH is assumed to be most effectively im-
proved by weight control and by restricting lipid and
calorie intake, thereby leading to normalized lipid metab-
olism.®'° Nevertheless, drug therapy would be a useful
and an easy option because the modern lifestyle habits
such as poor diet and lack of regular exercise are difficult
to change. Ezetimibe is a relatively new and promising
drug candidate for NAFLD/NASH therapy. Ezetimibe se-
lectively inhibits cholesterol absorption via Niemann-Pick
Cl-like 1 (NPC1L1) protein in the brush border of the
small intestine in humans, rodents, rabbits, and other
species.'™"S it decreases the serum levels of low-density
lipoprotein cholesterol and triglycerides (TGs) in hu-
mans'® and reduces plaque formation and improves lip-
ids in a rabbit model of atherosclerasis.'” Recent reports
have indicated that ezetimibe improves liver steatosis
and insulin resistance in Zucker obese fatty rats™® and
rats fed a methionine- and choline-deficient diet."® Thus,
ezetimibe is a potential new therapeutic agent for human
NASH.? |n the present study, we also assessed the
effect of ezetimibe on the development of NASH in our
rabbit model.

Materials and Methods

Materials

Mouse monoclonal antibodies against e-smooth muscle
actin («SMA), rabbit macrophage (clone RAM-11), and
4-hydroxy-2-nonenal (4-HNE) were obtained from
Sigma Chemical Co. (St. Louis, MO), Thermo Fisher
Scientific (Fremont, CA), and Nikken Seil Co., Ltd. (Shi-
zuoka, Japan), respectively. Enhanced chemilumines-
cence detection reagent was obtained from Amersham
Pharmacia Biotech (Little Chalfont, Buckinghamshire,
UK}, and Immobilon-P membranes were from Millipore
Corp. (Bedford, MA). All other reagents were pur-
chased from Sigma Chemical Co. or Wako Pure Chem-
ical Co. (Osaka, Japan).

Animals and Experimental Protocol

Pathogen-free male Japanese White rabbits, about
1-year-old and wsighing 3.0 to 3.5 kg, were obtained
from SLC (Shizuoka, Japan). As shown in Figure 1, we
performed the following two experiments: i) rabbits were
housed at a constant temperature and were given either
100 g/day of a standard diet (SD) (n = 5, CR3 obtained
from CLEA Japan Inc., Tokyo, Japan) or version Il of an
impreved high-fat and -cholesterol diet (HFD ) (n = 5),
-which consisted of SD supplemented with 12% corn ol
and 0.75% (w/w) cholesterol for 8 months; and ii) rabbits
were given version | (100 g/day) of a previously reported
HFD (HFD 1), which consisted of SD supplemented with
20% corn oil and 1.25% (w/w) cholesterol for 2 months.”
The treated group additionally received 0.6 mg/kg/day of
gzetimibe mixed in the diet. Ezetimibe was kindly pro-
vided by Bayer AG (Leverkusen, Germany). The contents
of the SD and HFD | and Il are shown in Supplemental
Table S1 (see http://ajp.amjpathol.org).

Experiment 1 (NASH cirrhosis model):
8D (Standard diet)

Sacrifice
. . )
2M oM
HFD It (0.75% cholesterol/12% corn oil-contained diet)
Sacrifice
1 | >ﬂ
2M oM

Experiment 2 (NASH therapy model):

HFD | (1.25% cholesterol/20% corn oil-contained diet}
Sacrifice

2M

HFD | plus Ezetimibe (0.6 mg/kg/day)
Sacrifice

2M

Figure 1. Experimental schedule of the present study. Experiment 1: NASH
cirrhosis was induced in rabbits by feeding HFD 11 for nine months. Exper-
iment 2: during NASH therapy, rabbits were administrated ezetimibe (0.6
mg/kg/day) supplemented with HFD I for two months. In the NASH therapy
model, a previously reported HFD I was used to evaluate the effect of
medicine during a short period.

The rabbits were fasted 24 hours before sacrifice.
Then they were anesthetized and laparotomized for
blood and liver sampling. The portal vein was cannulated
using an 18-gauge Teflon catheter. The liver of each
animal was perfused with 100 ml of PBS to remove the
blood. After harvest, the liver was cut into small pieces
and fixed in 4% paraformaldehyde. Each sample was
either frozen or embedded in paraffin. The experiments
were conducted humanely in accordance with the rec-
ommendations of the Guide for the Care and Use of
Laboratory Animals of Osaka City University School of
Medicine.

Histochemical and Immunohistochemical
Studies

Paraformaldehyde-fixed specimens were sectioned into
5-um-thick sections and stained with H&E and 0.1% (wiv)
Sirius red {Direct Red 80, Aldrich, Milwaukee, WI). Frozen
sections (5-pm-thick) were stained with Oil red O (Wake
Pure Chemical Co.). The areas stained by Sirius red and
Oil red O were measured to assess the areas of con-
nective tissue and lipid deposition, respectively, using
an image analyzer (Lumina Vision, Mitani Corporation,
Tokyo, Japan).

Immunchistochemical analysis was performed as de-
scribed elsewhere.” In brief, sections were deparaf-
finized, washed, and preincubated in 5% bovine serum
albumin blocking solution, followed by overnight incuba-
tion at 4°C with antibodies against either aSMA at a
dilution of 1:100, rabbit macrophage (RAM-11Y2" at a
dilution of 1:100, or 4-HNE at a concentration of 5 ug/
ml.22 The sections were incubated with biotinylated sec-



ondary antibodies and reacted with horseradish peroxi-
dase-conjugated streptavidin (Nichirei Biosciences Inc.,
Tokyo, Japan) and then treated with diaminobenzidine
(DAKO, Glostrup, Denmark) for color development.

Laboratory Tests

Serum fevels of aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), total cholesterol (T-Cho),
TG, free fatty acid (FFA), and fasting glucose were mea-
sured at the Special Reference Laboratories (Osaka,
Japan). Fractionation of serum cholesterol was performed
by high-performance liquid chromatography at Skylight
Biotech (Akita, Japan). The serum and urine levels of
oxidative stress markers and antioxidants were mea-
sured at Nikken Seil Co., Ltd. Fasting serum insulin levels
were measured using a rat insulin enzyme-linked immu-
nosorbent assay kit and a rabbit insulin standard solution
(Shibayagi Co. Ltd., Gunma, Japan). Homeostasis model
assessment of insulin resistance (HOMA-IR) was calcu-
lated using the formula HOMA-IR = [fasting insulin (ng/
ml) x 23.1] x fasting glucose (mg/dl)/405. Serum bile
acid was measured using a Total Bile Acids Test Wako
(Wako Pure Chemical Co.) according to the manufactur-
er's instructions.

Assay of Hepatic Total Cholesterol, Triglyceride,
and Free Fatty Acid Levels

Liver tissue (50 to 100 mg) was homogenized in 0.75 ml
of methano! and chloroform (2:1), and lipids were ex-
tracted from the chloroform fraction. Then, the hepatic
tissue levels of T-Cho and TG were determined using a
Cholesterol E-Test Wako and Triglyceride E-Test Wako
(Wako Pure Chemical Co.) according to the manufactur-
er's instructions. The data were expressed as the amount
of T-Cho (mg) or TG (mg)Aiver wet weight (g).

For the hepatic FFA assay, liver tissue (10 mg) was
homogenized in 0.2 ml of chloroferm and 1% Triton
X-100. Fatty acids were extracted in the chloroform frac-
tion and air-dried to remove the chloroform. Then, the
hepatic tissue FFA levels were determined using a Free
Fatty Acid Quantification Kit (BioVision, Mountain View,
CA) according to the manufacturer's instructions. The
data were expressed as the amount of FFA (nmol)/iiver
wet weight (mg).

Quantitative Real-Time PCR

Total RNA was extracted from the liver using Isogen
(Nippon Gene Co. Lid., Tokyo, Japan). cDNAs were syn-
thesized with 1 pg of total RNA, ReverTra Ace (Toyobo,
Osaka, Japan), and oligo(dT),,.4g Primers according to
the manufacturer's instructions.?* Gene expression was
measured by real-time PCR on an Applied Biosystems
Prism 7500 system (Applied Biosystems, Foster City, CA)
using cDNA, real-time PCR Master Mix Reagents
(Toyobo), a set of gene-specific oligonucleotide primers,
and the TagMan probes listed in Table 1.
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Immunobilotting

Protein samples (10 ug) were subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) and then transferred to
Immobilon-P membranes. After blocking, the membranes
were treated with the primary antibodies and then with
horseradish peroxidase-conjugated secondary antibodies.
Immunoreactive bands were visualized using the enhanced
chemiluminescence system and documented with LAS
1000 (Fuji Photo Film, Kanagawa, Japan). The density of
each band was analyzed using a GS-700 densitometer
(Bio-Rad Laboratories, Hercules, CA).2®

Assay of Hepatic 8-Hydroxy-2'-Deoxyguanosine
Levels

Liver tissue (100 to 200 mg) was homogenized in lysis
buffer, and hepatic DNA was extracted using the DNA
Extractor TIS kit (Wako Pure Chemical Co.). After the DNA
was hydrolyzed, 8-hydroxy-2'-deoxyguanosine levels in
the liver were measured using a highly sensitive 8-hy-
droxy-2'-deoxyguanosine enzyme-linked immunosorbent
assay kit (Nikken Seil Co. Ltd.} according to the manu-
facturer's instructions.

Proteome Analysis

Two-dimensional SDS-PAGE was performed by Towa En-
vironment Science (Osaka, Japan).?* Proteins (100 ug)
extracted from rabbit livers were applied to Immabiline
DryStrips (pH 3 to 10). After isoelectric focusing, the
proteins were separated by SDS-PAGE on 9 to 18 acryl-
amide gradient gels, visualized by SYPRO Ruby staining,
scanned, and analyzed as described previously.®s Pro-
tein spots of interest were excised from the gels, digested
in trypsin solution, dialyzed, and then analyzed by elec-
trospray ionization mass spectrometry. The proteins were
identified from the obtained amino acid sequences using
databases such as protein BLAST or FASTA.

Microarray Analysis

Total RNA was extracted from liver tissues with Isogen.
Rabbit microarray chips were designed on the eArray
system (Agilent Technologies, Palo Alto, CA) and were
provided by Takara Bio Inc. (Shiga, Japan). The gene
expression profile of HFD II-fed rabbits was compared
with that of SD-fed rabbits. Genes showing differences in
expression with an increase of more than fivefold or a
decrease to <0.5-fold were recognized as up- or down-
regulated genes, respectively, and were targeted for fur-
ther analysis. The data are partially shown in Supplemen-
tal Table S2 (see http://ajp.amjpathol.org).

Statistical Analysis .

Bar graphs present data as means = SD of at Isast three
independent experiments. Statistical analysis was per-
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Table 1. List of Primer Sequences

Gene

Sequence

Accession no.

PPARy
Forward
Reverse

aP2
Forward
Reverse

L XRe
Forward
Reverse

SREBP1
Forward
Reverse

SREBP2
Forward
Reverse

HMGCR
Forward
Reverse

LDLR
Forward
Reverse

CYP7A1
Forward
Reverse

G6Pase
Forward
Reverse

PEPCK
Forward
Reverse

TNFa
Forward
Reverse
Probe

IL-18
Forward
Reverse
Probe

IL-10
Forward
Reverse

IL-18
Forward
Reverse

TLR2
Forward
Reverse

TLR4
Forward
Reverse

CD14
Forward
Reverse

MD2
Forward
Reverse

HO-1
Forward
Reverse
Probe

TGFB1
Forward
Reverse
Probe

Col1A1
Forward
Reverse
Probe

5'-CCTGGCTTTGTGAGCCTTGAC-3'
5'-GAGGCCAGCATGGTGTAGATGA-3'

5'-CAGATGACAGGAAAGGCAAGAGT-3'
5'-CCTCCCGTTTTCTCTTTATGGT -3’

5'-GGAGACGTCTCGCAGGTACA-3'
5'-CCCTGCTTTGGCAAAGTCCT-3'

5'~GACACAGGAGCCACAATGAAGAC-3'
5’'-GCAGTTTGTCTGTGTCCACAACC-3'

5'-GGCGGACAAGACACAATATCA-3'
5'-GTCCCCATGACCAAGTCTTTCA-3'

5’ -TGCTGTGAGAACGTGATTGGG-3'
5/ -CTTTCCATCCAAGCAGAGAGGT-3'

5'-ACAACCCGGTCTACCAGAAG-3'
5'-ATCTGTCTCGAGGGGTAGGT-3'

5'~-CGATGCCTTGATTTCCCTCACAG-3'

5' -TTGGTTCAGGACGTCTCAAGGTAAG-3'

5'-GCAGGTGTGTACTACGTGATGGT-3'
5’'~GTCAAGCACCGAARATCTGTAGGTC-3’

5'~CACATCCCAACTCTCGCTTCTG-3'
5'-TCCAAAGATGATGGCATCAATGGGE-3'

5'-GTCACCCTCAGATCAGCTTCTC~3'
5'-GTTCGCACGCTGGCTCAG-3'

5'-CCTGAGTGACAAGCCTCTAGCCCACG-3'

5'-GCCTGAGAACTTTCTTTTCCTTAATC-3'

S'-GATCGTACTGCATCACACTCAAG-3'

5'~AAGAACCCGTCCTCTGCAACACCTGG~3’

5'~CCTTGTCGGAGATGATCCAGTT-3’
5'-ATGGCTGGACTGTGGTTCTCA-3'

5'-GCAACCTGTGTTTGAGGATATGC-3'
5'-CCATGCCTCTAGTATTGCTGTCTT-3'

5'-TCTGCACAAGCGGGACTTT-3'
5'-TTCTCGATGCAGTCGATGATGT~3'

5'-AGCCATGCGGGTATCATTTT-3'
5’ -TCCTGCTCAGAAGGCGATACA-3'

5'-GCGCTAAACTCCCTCAATCTATC-3'
5’'~GCCCTATTCAGCTTGTTGCA-3’

5’ -GAAGGGAGAGACTGTGAATACAACAG-3'

5’ -GCTATGGCTTCTACAACACATCTG-3’

5'-GGAGAACGCCGAGTTCATGA-3'
5'-GGCCATCACCAGCTTAAAACC-3’

5’ ~AACTTTCAGAAGGGCCAGGTGACTGCC-3'

5'-AAGGGCTACCACGCCAACTT-3’
5'-CGGGTTGTGCTGGTTGTACA-3'
5’ -TGCCTGGGACCCTGCCCCTAC -3

5'-ACTGGATTGACCCCAACCA-3'
5'~TTGCCCCAGTGTCCATGTC-3'

5'-CTGCAACCTGGATGCCATCAAGGTC-3'

AY166780

AF136241

AF278696

AF278693

M11501

NM_001170929

EUS520488

EF616471

NM_001082263

M26295

DQ437508

NM_001122940

NM_001082781

NM_001082732

Ma0488

NM_001082787

AY421758

AF000133

AYB33663

(table continues)
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Table 1. Continued
Gene Sequence Accession no.

Col3A1
Forward 5'-CATTGGCCCTGTTTGCTTTT-3’ S83371
Reverse 5'-GTTGGTCACTTGTACTGGTTGACA-3'

MMP-2
Forward 5'-TCACTCCTGAGATCTGCACACA-3' NM_001082209
Reverse 5'-CAAATGAACCGGTCCTTGAAG-3’

MMP-9
Forward 5'-GCTCCGGTGGATCAGATGTT-3' NM_001082203
Reverse 5'-AAGCGGTCCTGGCAGAAGT-3'
Probe 5'-CACACGACGTCTTCCAGTACCGAGAG-3'

TIMP-1
Forward 5'-TGGAAAGTGTCTGCGGGTACT-3' AY829730
Reverse 5'-TTGTCCAGCGATGAGAAACTC-3’

TIMP-2
Forward 5'-TCACGCTCTGTGACTTCATCGT-3’ AF069713
Reverse 5'-TGTGGTTCAGGCTCTTCTTCTG-3'
Probe 5'-CCCTGGGACTCCCTGAGCAGCA-3'

GPO
Forward 5'-AAGGTGCTGCTCATTGAGAATG-3' NM_001085444
Reverse 5'-TTCTCCTGATGCCCAAACTG-3’

GST
Forward 5'-CAAGTGGCTGAGTGAGAAGTTCA-3' NM_001082252
Reverse 5'-TTGCTCTGCGTGAGCTTGT-3'

Cu,zZn-
SOD
Forward 5'-TGGTGGTCCACGAGAAAGAAG-3' L12405
Reverse 5'-CGTTCCCGGTCTTTGTACTCT-3'

Mn-SOD
Forward 5'-ATTGCTGCGTGTGCGAATC-3' 28808
Reverse 5'-TCAATCCCCAGCAGTGGAA-3’

MAT1A
Forward 5'-TCCACCTGGACAGAAACGAAGAGGA-3'
Reverse 5'-TCTCGTCAGTGGCATAGCCGAACA-3'

GNMT
Forward 5'-AGGGCTTCAGTGTGACGAGTGT-3' D13307
Reverse 5'-CGGTTCCAGCGCTCTTTAA-3'

ST3A1
Forward 5'-GTGCCCTTCTTGGAATACAACA-3' NM_001082210
Reverse 5'-TGGAAGGTGGGAAGCAAAG-3'

GAPDH
Forward 5'-GCCAAAAGGGTCATCATCTCA-3’ AB231852
Reverse 5'-GTGGTTCACGCCCATCACA-3'
Probe 5'-CCTCCGCCGATGCCCCCA-3'

formed with Student’s t-test, and differences were con-
sidered significant at P < 0.05.

Results

Hepatic Lipid Deposition in Rabbits Fed
High-Fat and -Cholesterol Diet Il

Rabbits fed HFD | for 2 months exhibited insulin resis-
tance, hepatic steatosis, inflammation, oxidative stress,
and mild fibrosis, thus, showing similarity to human NASH
as we reported previously.” After the feeding period was
increased by reducing the fat and cholesterol content in
the diet to 60% of the previous level (HFD 1) to prolong
rabbit survival, we were able to create a model with
advanced hepatic fibrosis that was close to cirrhosis. As
shown in Table 2, serum T-Cho and TG levels of rabbits
fed HFD Il for 9 months increased significantly compared
with the levels in rabbits fed SD. The serum cholesterol
was mainly very low-density lipoprotein and lipoprotein

cholesterol according to the high-performance liquid
chromatography analysis. However, serum AST and ALT
levels in HFD Il-fed rabbits did not change significantly
compared with those in SD-fed rabbits. Fasting glucose
and insulin values in HFD Il-fed rabbits were lower than
those in SD-fed rabbits, and HOMA-IR was reduced in
HFD-fed rabbits.

The livers of HFD Il-fed rabbits were enlarged and
whitish with an irregular, partially nodular surface (Figure
2, A and B), showing an appearance that was totally
different from the livers of SD-fed rabbits. H&E staining
indicated degeneration of hepatocytes predominantly
around the central vein area (Figure 2, C and D). At a
higher magnification, H&E staining also revealed glassy
degeneration of hepatocytes, which was similar to the-
ballooning of hepatocytes in human NASH, fibrosis, and
bile duct proliferation (Figure 2, E and F), as well as
atheroma in the aorta (Figure 2, G and H). The hepato-
cytes were strongly positive for Qil red Q staining (Figure
3, A and B), Furthermore, hepatic T-Cho content in-
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Table 2. Liver Enzymes and Lipid Profile in Serum
Enzymes/lipids SD HFD Il P value
AST (IU/L) 43.4 £ 29.9 29.3+22.4 NS
ALT (IUL) 45.6 * 36.6 19.7 = 18.2 NS
Cholesterol (mg/dl)
Total 19.2 + 3.8 1161.3 = 406.5 P < 0.01
Chylomicron 0.2+0.2 159.6 = 161.8 NS
Very low-density lipoprotein 1.7+ 0.6 733.0 = 2946 P < 0.01
Low-density lipoprotein 27+0.8 2416 £ 745 P < 0.01
High-density lipoprotein 146 4.2 271+ 125 NS
TG (mg/dl) 26.7 £ 11.9 205.5 + 96.3 P < 0.01
FFA (pEqg/L) 279.7 = 150.7 168.4 = 107.9 NS
Fasting glucose (mg/dl) 132.7 = 11.0 98.4 = 47.3 P < 0.05
Fasting insulin (ng/ml) 1102 0.7 %02 P < 0.05
HOMA-IR 8423 52x26 P < 0.05
Bile acid 53=*13 33.7 174 P < 0.05

NS, not significant.

creased significantly in HFD Il-fed rabbits (38.3 *= 21.5
pg/mg liver weight) compared with that in SD-fed rabbits
(1.5 = 0.2 pg/mg liver weight), although the hepatic TG
and FFA contents were similar (Figure 3C), indicating that

Figure 2. Stcatosis and fibrosis in the liver of HFD Tl-fed rabbits, Rabbits
were fed SD (A, C, and G) or HFD II (B, D, E, F, and H) for nine months. A
and B: Macroscopic appearance of the livers of SD- and HFD II-fed rabbits.
C-H: H&E staining of the liver (C-F) and aorta (G and H). Note that
lipid-induced hepatic degeneration and liver fibrosis are predominantly seen
in the livers (D-F) and that atheroma developed in the aorta (H) of HFD
1I-fed rabbits. Arrows in E, arrowheads in F, and asterisk in H indicate
fibrotic septa, bile duct proliferation, and atheroma, respectively. P, portal
vein; C, central vein. Scale bars = 100 pm.

mainly cholesterol had accumulated in the hepatocytes
of rabbits fed HFD II. Expression of genes related to fat
metabolism, such as peroxisome proliferator-activated
receptor-y (PPARy) and adipocyte lipid-binding protein
(aP2), also known as fatty acid binding protein 4, increased
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Figure 3. Metabolism of lipid, glucose, and cholesterol in the livers of HFD
I1-fed rabbits. Rabbits were fed SD (A) or HFD II (B) for nine months. A and
B: Oil red O staining. Note hepatic lipid deposits in HFD II-fed rabbits. Scale
bars = 100 pum. C: Hepatic T-Cho (left), TG (middle), and FFA (right)
contents. Note that the hepatic T-Cho content increased significantly in HFD
IIfed rabbits. D: Expression of lipid, glucose, and cholesterol metabolism-
related genes in the livers of SD-fed rabbits (white bars) and HFD II-fed rabbits
(gray bars) analyzed by quantitative real-time PCR. *P < 0.05; *P < 0.01.




in rabbits fed HFD I, whereas glucose 6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase
(PEPCK), which are involved in glucose metabolism, were
reduced in the livers of HFD ll-fed rabbits (Figure 3D).
Among cholesteral biosynthesis-related genes, expression
of sterol regulatory element binding protein 2 (SREBP2) and
low-density lipoprotein receptor (LDLR) was significantly
reduced in the livers of HFD ll-fed rabbits. Expression of
3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) mRNA also tended to be reduced in livers, al-
though not significantly. Cytochrome P450 7A1 (CYP7A1)
mRNA levels remained unchanged.

Hepatic Inflammation and Kupffer Cell Activation

RAM-11, an antibody directed against rabbit macro-
phages, recognizes activated Kupffer cells, the resident
liver macrophages.®' In contrast to the livers of SD-fed
rabbits (Figure 4A), in the livers of HFD [l-fed rabbits, the
number of RAM-11-positive (RAM-117) cells increased
drastically around the central vein area at sites where
fatty degeneration of hepatocytes was evident (Figure
4B, see also Figure 2D). At a higher magpnification (Figure
4B, inset), large RAM-11% cells were localized in sinu-
soids, and they frequently contained vacuoles. In accor-
dance with this observation, genes related to macro-
phage activation and cytokines, such as tumor necrosis
factor a (TNFa); interleukin-18 (IL-18), -10 (IL10), and -18
(IL18); Toll-like receptors 2 (TLR2) and 4 (TLR4); CD14 (a
coreceptor with TLR 4); and MD2 (a complex with TLR4),
were all induced in the livers of HFD II-fed rabbits (Figure
4C, Supplemental Table S2, see http://ajp.amjpathol.org).
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Figure 4. Activation of macrophages in the livers of TIFD Tl-fed rabbits,
Rabbits were fed SD (A) or HFD II (B) for nine months. A and B: Immuno-
histochemistry for the rabbit macrophage RAM-11 clone. Note RAM-11" cells
around the central vein area in HFD II-fed rabbits, whereas these cells are
absent in SD-fed rabbits. Inset: enlarged view of the box. Arrows indicate
RAM-11* cells with large vacuoles. Scale bars = 100 um. P, portal vein; C,
central vein. C: Expression of inflammatory genes in the livers of SD-fed
rabbits (white bars) and HFD Il-fed rabbits (gray bars) analyzed by quanti-
tative real-time PCR. *P < 0.05; *P < 0.01.
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A stress protein, heme oxygenase-1 (HO-1), was also
increased significantly in the livers of HFD Il-fed rabbits.

Advanced Hepatic Fibrosis in Rabbits Fed
High-Fat and -Cholesterol Diet I/

The livers of HFD Il-fed rabbits showed evidence of ad-
vanced fibrosis. Sirius red staining showed a limited amount
of red-colored collagen around portal and central veins in
the control livers, whereas collagen deposition was marked
in the livers of HFD Il-fed rabbits (Figure 5, A and B).
Fibrosis formed bridges between the central veins and cen-
tral portal veins, indicating that the liver fibrosis was stage 3
(bridging fibrosis) or stage 4 (cirrhosis) according to the
Brunt's staging score. The fibrotic septa were composed
of cells positive for «SMA, a marker of activated stellate
cells and myofibroblasts (Figure 5, C and D). Up-
regulated expression of «SMA in HFD ll-fed rabbits
was confirmed by immunoblotting (Figure 5E). In addi-
tion, expression of genes associated with fibrosis, such
as transforming growth factor g1 (TGFB1), collagens
1A1(Col1A1) and 3A1 (Col3A1), matrix metalloprotein-
ases-2 (MMP-2) and -9 (MMP-8), and tissue inhibitors
of metalloproteinases-1 (TIMP-1) and -2 (TIMP-2), in-
creased in the livers of HFD lI-fed rabbits (Figure 5F,
Supplemental Table S2, see http://ajp.amjpathol.org).
Furthermore, genes for other matrix proteins such as
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Figure 5. Progression of liver fibrosis in HFD) TI-fed rabbits. Rabbits were
fed SD (A and C) or HFD II (B and D) for nine months. A and B: Sirius red
staining. Note collagen deposits around the portal and central vein arcas, as
well as bridging fibrosis in HFD II-fed rabbits. P, portal vein; C, central vein,
C and D: Immunohistochemistry for «SMA, a marker of activated stellate cells
and myofibroblasts. Note that aSMA™ cells are mainly seen inside fibrotic
septa in the livers of HFD Il-fed rabbits. Scale bar = 100 um. E: Immuno-
blotting for @SMA. Note that expression of aSMA was augmented in HFD
II-fed rabbits. GAPDH was the internal control. F: Expression of fibrosis-related
genes in the livers of SD-fed rabbits (white bars) and HFD [I-fed rabbits (gray
bars) analyzed by quantitative real-time PCR. *P < 0.05; **P < 0.01.
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Figure 6. Dctection of oxidative stress and levels of antioxidants in the liver.,
Rabbits were fed SD (A) or HFD II (B and C) for nine months. A—C: Staining
of 4-HNE adducts in the liver. C: A magnified image of the region enclosed
within the box in B. Note 4-HNE adducts in the hepatocytes (arrows) and
sinusoidal cells (arrowheads) of HFD II-fed rabbits. Scale bars = 100 um. D:
Hepatic 8-hydroxy-2'-deoxyguanosine content. E: Glutathione content in the
livers of SD- and HFD II-fed rabbits. F: Expression of mRNAs for antioxidant-
related genes and proteome analysis of liver proteins in SD-fed rabbits (white
bars) and HFD II-fed rabbits (gray bars). *P < 0.05; **P < 0.01.

collagen 8A1, MMP-12, TIMP-3, lumican, decorin, and
biglycan showed increased expression in the livers of
HFD Il-fed rabbits (Supplemental Table S2, see
http.//ajp.amjpathol.org).

Oxidative Stress and Antioxidant Imbalance in
Rabbits Fed High-Fat and -Cholesterol Diet I

Immunohistochemical analysis showed that 4-HNE ad-
duct formation was rare in SD-fed rabbits but was prom-

inent in HFD ll-fed rabbits. The 4-HNE adducts were
present in the cytoplasm of sinusoidal cells and hepato-
cytes around the central vein areas (Figure 6, A-C),
indicating increased lipid peroxidation in HFD |l-fed rab-
bit livers as in human NASH.?2 Moreover, the 8-hydroxy-
2'-deoxyguanosine level increased, although not signifi-
cantly, in both liver tissue and urine of HFD Il-fed rabbits
(Figure 6D, Table 3). As a measure of the presence of
oxidative stress, the hepatic level of glutathione was de-
termined in SD- and HFD llI-fed rabbits; HFD Il signifi-
cantly reduced its levels (Figure 6E). In addition, the
expression of genes for glutathione S-transferase (GST)
and other antioxidant molecules, such as Cu,Zn-super-
oxide dismutase (Cu,Zn-SOD) and Mn-superoxide dis-
mutase (Mn-SOD), decreased significantly in HFD Il-fed
rabbits (Figure 6F, Supplemental Table S2, see http://
ajp.amjpathol.org). We measured the serum or urine lev-
els of molecules that reflect oxidative stress. The levels of
copper, 8-tocopherol, and coenzyme Q10 (ubiquinol and
ubiquinone) increased significantly in HFD lI-fed rabbits,
whereas folic acid and vitamin A decreased significantly
(Table 3). Comparison of hepatic protein distribution pro-
files on two-dimensional SDS-PAGE gels between SD-
and HFD ll-fed rabbits revealed proteins that were both
up- and down-regulated by HFD Il (Figure 7). GST was
identified as a markedly down-regulated protein in HFD
[I-fed rabbits. Other down-regulated proteins in HFD
II-fed rabbits by proteome analysis were glycine N-meth-
yltransferase (GNMT), methionine adenosyltransferase 1
(MAT1), and sulfotransferase 3A1 (ST3A1). These genes
also showed significantly lower expression in the livers of
HFD ll-fed rabbits (Figure 6F).

Effect of Ezetimibe on the Rabbit NASH Model

To further evaluate the rabbit NASH model, we investi-
gated the effect of a known compound that suppresses
the occurrence of NASH through a known mechanism.

Table 3. Profile of Oxidative Stress Markers and Antioxidants in Serum and Urine
SD HFD |l Source P value
Oxidative stress
8-OHdG (ng/mg creatinine) 43.0 £ 37.7 101.1 = 34.6 Urine NS
Isoplastane (ng/mg creatinine) 4.0+53 18.2 = 24.8 Urine NS
Lipid peroxide (nmol/ml) 2510 3.7x04 Serum NS
Antioxidants
Iron (pg/dl) 142.8 = 65.7 1159 = 245 Serum NS
Copper (ug/dl) 46.8 £ 29 156.3 = 6.9 Serum P < 0.01
STAS (uM) 969.0 = 39.8 958.7 + 143.5 Serum NS
Aqueous antioxidants
Vitamin C (ng/ml) 39+13 6.3*29 Serum NS
Folic acid (ng/ml) 558 116 21.3 % 12.5 Serum P < 0.05
Liposoluble antioxidants
Vitamin A (pg/dl) 923 * 5.1 37.6 £6.7 Serum P < 0.01
Vitamin E fraction
a-Tocopherol (pg/dl) 95.0 = 81.4 3499.7 + 5040.3 Serum NS
8-Tocopherol (ng/dl) <25 31.2 = 10.4 Serum P <0.05
y-Tocopherol (pg/dl) 6.5*27 706.9 + 944.2 Serum NS
Coenzyme Q10
Ubiquinol (nmol/L) 58.0 = 10.8 489.3 + 151.3 Serum P <0.05
Ubiquinone (nmol/L) N.D. 36.7 = 23.7 Serum P < 0.01

NS, not significant.



(kDa)

Figure 7. Two-dimensional SDS-PAGE analysis of hepatic proteins. Rabbits
were fed S or TTFD 1T for ninc months. Proteins were extracted from the
livers of SD- and HFD Il-fed rabbits and were separated by two-dimensional
SDS-PAGE. After the gels were stained with SYPRO Ruby, the protein spots
were cut out, digested, and analyzed by quadrupole time-of-flight. Then, the
proteins were identified from the obtained amino acid sequences using
protein BLAST or FASTA databases. 1 and 1', glutathione transferase; 2 and
2', glutathione S-transferase Yc (a II); 3 and 3', MAT1; 4 and 4', ST3A1; 5 and
5', GNMT; 6 and 6', aldehyde dehydrogenase, mitochondrial (ALDH class 2);
7 and 7', keratin, type II or cytoskeletal 2 epidermal; 8 and 8', a-tubulin,
actin, B-like 2, or similar to actin, cytoplasmic 1; 9 and 9', actin, B-like 2; 10
and 10’, keratin 10 or CYP2B3; 11 and 11', similar to actin, cytoplasmic 1.
Blue circles, proteins down-regulated in HFD T1-fed rabbits; red circles,
proteins up-regulated in HFD II-fed rabbits.

Because a marked increase in serum and hepatic T-Cho
levels was evident in our HFD-fed rabbits, we tested
ezetimibe, a relatively new compound that inhibits
NPC1L1 in hepatocytes and the intestine. Rabbits were
fed HFD | (the original diet) with or without ezetimibe (0.6
mg/kg/day) for 2 months. Both control and experimental
rabbits showed normal increases in body weight (data
not shown). Levels of AST, ALT, and TG remained within
the normal range in rabbits fed HFD | with or without
ezetimibe (AST, 38.0 + 18.4 versus 20.8 = 7.4 [U/L; ALT,
11.0 = 1.0 versus 7.8 = 3.0 IU/L; and TG, 31.0 = 9.5
versus 27.4 = 16.8 mg/dl). Serum T-Cho was significantly
lower in HFD |-fed rabbits treated with ezetimibe than in
untreated rabbits during the course of ezetimibe-treat-
ment for up to 8 weeks (Figure 8A). A histological exam-
ination showed that ezetimibe suppressed fat deposition
(Figure 8, B-F) and reduced the hepatic content of total
T-Cho and TG (Figure 8G). Furthermore, liver fibrosis,
mildly induced in this 2-month HFD | model, was sup-
pressed by the ezetimibe treatment (Figure 9, A-D).
Moreover, ezetimibe significantly decreased the expres-
sion of genes associated with liver fibrosis, such as
TGFB1, MMP-9, and TIMP-1 and -2. The drug also sup-
pressed expression of Col1A1 and MMP-2, although the
difference was not significant (Figure 9E).
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Figure 8. Effect of ezetimibe (Ez) on hepatic steatosis in HFD I-fed rabbits.
Rabbits were fed HFD I (the original diet) with or without ezetimibe (0.6
mg/kg/day) (HFD I or HFD T + Ez) for two months. Histological sections
were prepared from HFD I-fed (B and D) and HFD I + Ez-fed rabbits (C and
E). A: Changes in scrum T-Cho levels, B and C: T&F staining, D and E: Ol
red O staining. Scale bars = 100 um. F: Quantification of the lipid droplet
area in the liver. Oil red O-stained areas were measured in the livers of HFD
I- and HFD I + Ez-fed rabbits. The stained area was significantly smaller in
HFD 1 + Ez-fed rabbits. G: Hepatic total cholesterol and triglyceride contents.
P, portal vein; C, central vein. HFD I, n = 5. HFD [ + Ez, n = 5. *P < 0.05;
**P < 0.01.

Discussion

There are several important differences in characteristics
of NASH between this rabbit model and humans. Hepatic
levels of cholesterol, but not of TG and FFA, exhibited a
marked increase in HFD ll-fed rabbits compared with
those in SD-fed rabbits, and the PPARy and aP2 mRNA
levels were induced in the HFD Il model in a manner
similar to that observed in human NASH (Figure 3, C and
D).262” NAFLD shows various patterns of lipid deposition
in the liver,?® which may be influenced by the diet com-
position. In this context, increased PPARy and aP2 may
contribute to a decrease in cholesterol level in hepato-
cytes of this rabbit model induced by high-cholesterol
diets. Mitochondrial free cholesterol, but not TG and FFA,
sensitizes hepatocytes to TNFe- and Fas-induced apo-
ptosis through mitochondrial glutathione exhaustion.?®
We also observed a marked reduction in glutathione and
glutathione-metabolic enzymes in the HFD ll-fed rabbit
livers (Figure 6, E and F). In this context, it is likely that
cholesterol overload, together with a dysregulated antioxi-
dative system in hepatocytes, may trigger liver injury.3%-3!
Furthermore, this rabbit model showed increased levels
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Figure 9. Effect of ezetimibe (Ez) on liver fibrosis in HFD I-fed rabbits.
Rabbits were fed HFD I (the original diet) with or without ezetimibe (0.6
mg/kg/day) (HFD I or HFD I + Ez) for two months as mentioned in Figure
8. Histological sections were prepared from HFD I-fed (A and C) and HFD
I + Ez-fed rabbits (B and D). A and B: Liver sections were stained with Sirius
red. Collagen depositions were reduced by ezetimibe administration. € and
D: Liver sections were immunostained for SMA. Note that the aSMA™ cells
were reduced by ezetimibe administration. Scale bars = 100 pm. E: Fxpres-
sion of fibrosis-related genes in the liver of HFD I-fed rabbits (white bars) and
HFD I + Ez-fed rabbits (gray bars). P, portal vein; C, central vein. HFD I, n =
5. HFD I + Ez, n = 5. Ez, ezetimibe. *P < 0.05; *P < 0.01.

of serum bile acids (Table 2), which are presumably
induced by cholesterol overload and down-regulation of
the bile acid export-related genes, such as the bile salt
export pump and multidrug resistance-associated pro-
tein 2 (data not shown).

Although it has been reported that FFA and leptin
increase and adiponectin decreases in the serum of
NASH patients,3? serum and hepatic levels of FFA did not
change in this rabbit model, possibly owing to the lack of
obesity. A recent study reported the reduction of serum
adiponectin in a rabbit model fed 10% lard and 2%
cholesterol-containing HFD for 8 and 12 weeks.*® Unfor-
tunately, we were unable to determine the adiponectin
and leptin levels in our rabbit model for unknown reasons
(data not shown).

We also observed no increase in fasting glucose, fast-
ing insulin, or HOMA-IR in this rabbit model. However, as
stated above, this rabbit model showed no obesity and
failed to induce high FFA levels in the liver and serum,
which may be reasons for its failure to induce type Il
diabetes and insulin resistance. Furthermore, as shown in
Figure 3D, G6Pase and PEPCK mRNA expression levels
were markedly suppressed in the HFD || model, similar to
a report on cirrhotic NASH patients.®* Cholesterol over-
load and the resulting hepatocyte dysfunction in cirrhosis

are assumed to be the reasons for this down-regulation,
indicating the actual impairment of glucose metabolism
in the HFD 11 liver.

The serum ALT level has long been used as a surro-
gate marker for liver injury. However, ALT values do not
correlate well with the severity of liver injury in human
NAFLD.25%¢ Similar to that in patients with NAFLD but
that inunlike viral or drug-induced hepatitis, the ALT level
in this rabbit model remained unchanged, but the mech-
anism remains unknown and should be clarified in future
research.

Gut-derived lipopolysaccharide activates Kupffer cells
by activating lipopolysaccharide receptors,®” leading to
increased production of inflammatory cytokines such as
TNFe, IL-8, and IL-18.%%2° The development of steato-
hepatitis in a NASH model, induced by a methionine- and
choline-deficient diet, was partly inhibited in TLR4 mutant
mice,“®*? suggesting a role for TLR4-dependent signal-
ing in the occurrence of this type of liver damage. In
addition, the lipoprotein component of endotoxin from
Gram-negative and -positive bacteria activates TLR2
and/or TLR4, which leads to common downstream acti-
vation of TRAF6 via the adapter molecule MyD88.4? This
cascade of events culminates in nuclear factor-kB acti-
vation, leading to the induction of TNFa and other proin-
flammatory cytokines.*? Although TNFe has been identi-
fled as a central mediator contributing to insulin
resistance and liver damage in NASH, little is known
about the role of TLR2 or TLR4 in the induction of TNFe.
In the present study, we observed an increase in the
expression of TLR4/CD14/MD2 and TLR2 and cytokine
induction in HFD Il-fed rabbits. Persistent hepatic inflam-
mation also triggers the activation of stellate cells and
excess collagen production, resulting in the development
of liver fibrosis.*>#* Stellate cells are activated by LPS
through TLR4/CD14/MD2 signaling.*5#€ Thus, the role of
LPS in triggering steatohepatitis in this HFD Il model
deserves to be studied further in relation to hepatic
fibrogenesis.

In the present study, we showed a reduction in hepatic
glutathione content and decreased GST and SOD mRNA
expression. Serum levels of antioxidants such as vitamin
E, copper, and coenzyme Q10 increased significantly,
but the levels of vitamin A and folic acid decreased
significantly. As a result, there was an imbalance be-
tween oxidative stress and antioxidant protection sys-
tems in the present steatohepatitis model, as in human
NASH patients.*”~52 The molecular mechanisms leading
to the dysregulation of small antioxidant molecules are
currently unknown. Most vitamin A in the body (approxi-
mately 70%) is usually stored in quiescent hepatic stel-
late cells,® but vitamin A storage is impeded when stel-
late cells are activated, under which activation they
express «SMA and produce extracellular matrix materials
including type | collagen.*>#* Thus, the reduction of se-
rum vitamin A levels may reflect activation of stellate cells
and the progression of fibrosis in our rabbits with HFD
ll-induced NASH. Folic acid is reportedly involved in the
maintenance of normal concentrations of homocysteine,
methionine, and S-adenosylmethionine.>* Folic acid de-
ficiency and abnormal hepatic methionine metabolism



are characteristics of alcoholic liver disease.®* Thus, the
reduction in serum folic acid observed in our rabbit NASH
model might be a common feature of both alcoholic and
nonalcoholic liver disease. Furthermore, the proteome
analysis identified a reduction in GNMT and MAT1, which
are associated with liver steatosis and fibrosis, in HFD
ll-fed rabbits.5557 Martinez-Chantar et al®® showed that
GNMT-knockout mice exhibited an elevation in serum
aminotransferase, methionine, and S-adenosylmethi-
onine and developed hepatic steatosis, fibrasis, and hep-
atocellular carcinoma. MAT1A-knockout mice were also
reported to show liver steatosis.®” These enzymes play
an important role in the synthesis and degradation of
S-adenosylmethionine.®® Thus, an imbalance in S-adeno-
sylmethionine and methionine metabolism may play a
role in the development of steatohepatitis in our model.>®
Phagocytic NADPH oxidases, such as gp91-phox,
p40-phox, p67-phox, and p22-phox, increased in the
present rabbit model (Supplemental Table S2, see http.//
ajp.amjpathol.org); however, the role of NADPH oxidase, a
key molecule in the development of atherosclerosis,®® in
NASH is poorly understood. In alcoholic liver injury,
NADPH oxidase is important for reactive oxygen species
production in Kupffer cells and in hepatic stellate cells
that initiate and promote liver injury.6%6" We previously
reported that the phagocytic activity of Kupffer cells pro-
motes oxidative stress, inflammation, and fibrosis in ste-
atohepatitis.” In this context, NADPH oxidase could play
a prominent role in the pathogenesis of human NASH.
In the present study, we created a rabbit model of
steatohepatitis, in which advanced fibrosis (close to cir-
rhosis) was produced by feeding a HFD. Hypercholes-
terolemia is a risk factor for liver injury as well as for
atherosclerosis;* therefore, lowering the serum T-Cho
level by dieting or by medications that reduce the syn-
thesis and absorption of cholesterol could be a promising
therapy for NAFLD including NASH. In this context, st-
ating, which are HMG-CoA reductase inhibitors, have
been reported to improve NASH.628% Rallidis et al®?
showed that pravastatin treatment lowered serum ALT
and improved histological steatosis in 5 NASH patients.
Hyogo et al®® treated patients with atorvastatin and found
that 23 patients (74.2%) exhibited normalized transami-
nases and histological improvement of liver steatosis and
the NAFLD activity score, and these changes were ac-
companied by a significant increase in serum adiponec-
tin and a significant decrease in serum TNFe. In the
present study, we studied the effect of ezetimibe, which
inhibits NPC1L1 and therefore blocks intestinal absorp-
tion of cholesterol from the diet or that excreted in the
bile."™='® The effect of ezetimibe on NASH has already
been reported in rat models. Assy et al'® studied methi-
onine and choline deficiency-induced steatohepatitis in
rats, in which ezetimibe administration alone or together
with rosiglitazone, metformin, and valsartan reduced the
hepatic levels of TG, T-Cho, and malondialdehyde and
also significantly attenuated histological steatosis. In
Zucker obese fatty rats, Deushi et al'® reported that
ezetimibe administration reduced the serum and hepatic
levels of T-Cho and TG, the number of Oil red O-positive
hepatocytes, Sirius red-stained collagen deposition, and
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aSMA expression. Supporting these observations, we
demonstrated the usefulness of ezetimibe treatment in a
rabbit NASH model. Because human lipid metabolism is
similar to that of rabbits but is different from that of mice
and rats, our results strengthen the potential of ezetimibe
for controlling fat deposition and fibrosis in human NASH.
Interestingly, ezetimibe not only improved HFD I-induced
liver steatosis but also reduced fibrosis and the number
of @SMA™ cells. In chronic liver disease, TGFB1 plays an
important role in the progression of liver fibrosis and
stellate cell activation.*>** TGFB1 produced by Kupffer
cells and stellate cells activates stellate cells in a para-
crine as well as an autocrine manner and stimulates type
| collagen production. In our rabbit model, ezetimibe
reduced TGFB1 and type | collagen expression in the
liver. Unlike mice, humans and rabbits show abundant
NPC1L1 expression in the liver.'® Further studies are
required to clarify the effect of ezetimibe prophylactically
after the HFD-fed rabbits have already developed steato-
hepatitis and to examine whether ezetimibe directly af-
fects cholesterol metabolism in hepatocytes, thereby par-
ticipating in the local prevention of fibrosis caused by
abnormal cholesterol metabolism.™*

In conclusion, rabbits fed HFD Il for 9 months devel-
oped steatohepatitis with advanced fibrosis accompa-
nied by the augmented expression of relevant genes. We
demonstrated the presence of an imbalance between
oxidative stress and antioxidant levels in HFD Il-fed rab-
bits. Ezetimibe therapy was promising for alleviating the
pathological changes in this model, suggesting the po-
tential usefulness of this compound for human liver dis-
eases caused by cholesterol overload.
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