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TaBLE 1: Baseline characteristics of patients.

Variable Total GLP-1 group DPP-4 group Pioglitazone group p
(n=282) (n=26) (n=36) (n=20)

Mean follow-up period (days) 520 (222-410) 342 (291-392) 250 (187-233) 1236 (378-2216) <0.01*
Age* (years old) 54.2 (44.4-63.2) 55.7 (50.2-62.3) 54.0 (42.7-64.3) 52.7 (46.3-59.6) 0.71t
Male, n (%) 61 (74.4%) 18 (69.2%) 29 (80.6%) 14 (70.0%) 0.554
Body weight* (kg) 80.7 (69.1-89.7) 81.8 (74.4-92.3) 81.1 (68.4-88.9) 78.6 (68.2-86.0) 0.79t
BMI* (kg/m?) 29.4 (25.7-31.7) 30.1 (26.8-32.1) 29.4 (25.1-31.3) 28.8 (24.6-31.5) 0.75t
Hypertension, 7 (%) 41 (50.0%) 17 (65.4%) 16 (44.4%) 8 (40.0%) 0.17%
Dyslipidemia, n (%) 57 (69.5%) 24 (92.3) 19 (52.8%) 14 (70.0%) <0.01%
Smoking, 11 (%) 36 (43.9%) 11 (42.3%) 16 (44.4%) 9 (45.0%) 0.97%
Sulfonylurea agent, n (%) 40 (48.8%) 18 (69.2%) 15 (41.7%) 7 (35.0%) 0.04%
Metformin agent, 7 (%) 14 (17.1%) 0(0%) 11 (30.6%) 3 (15.0%) <0.01%
AST* (IU/mL) 52 (35-61) 50 (32-59) 47 (36-56) 62 (40-85) 0.041
ALT* (IU/mL) 75 (55-92) 65 (52-74) 75 (55-89) 87 (60-112) 0.07t
p-GTP* (IU/mL) 93 (49-120) 98 (55-127) 89 (47-116) 95 (54-114) 0.851
Fast blood glucose® (mg/dL)- 187 (139-229) 207 (151-256) 175 (138-201) 182 (135-224) 0.10t
HbAlc (%) 8.2 (7.2-9.3) 8.4 (7.4-9.4) 8.4 (7.5-9.5) 7.7 (6.9~8.5) 0.22%
LDL-cholesterol* (mg/dL) 115 (95-140) 103 (78-116) 126 (104-148) 114 (92-140) 0.021
Triglyceride* (mg/dL) 191 (117-240) 199 (125-283) 175 (114-229) 210 (130-198) 0.59%
Platelet count™* (x10%/uL) 206 (167-240) 204 (183-230) 216 (166 —248) 192 (147-233) 0.38t
APRI index* 0.75 (0.40-0.95) 0.73 (0.37-0.91) 0.64 (0.44-0.76) 0.96 (0.60-1.09) 0.041

" Expressed as median (25th—75th percentiles).
TANOVA.
#Chi-square tests.

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyl transpeptidase; HbAlc: hemoglobin Alc; APRI:

AST-to-platelet counts ratio index.

finally up to the limit dose 0.9 mg if necessary. Sitagliptin was
administered via oral route once daily 50 mg up to 100 mg
if necessary. Pioglitazone was administered once daily 15 mg
via oral route.

The beginning of followup was defined as the admin-
istration date of each medicine, and the end of follow-up
was September 30, 2011. The followup consisted of monthly
or bimonthly physical examination including body weight
measurement and blood tests. Patients who completely
changed each medicine to intensive therapies such as insulin
injection because of exacerbation of diabetes were treated as
end of follow at the moment of treatment change. Even if
other oral glucose-lowering agents were added, the followup
was considered to be valid as long as each medicine had
still been continued. Patients who quitted each treatment
due to improvement of diabetes were also treated as end of
follow at the moment. The final decision of exacerbation or
improvement of diabetes was made by our out patient clinic
doctors’ own assessments.

2.3. Statistical Analyses. Data were expressed as the median
and range (25th-75th percentiles) unless otherwise indi-
cated. Continuous variables among the three groups were
compared by analysis of variance (ANOVA). Categorical
variables were compared by chi-square test. Changes of
parameters after the administration of each medicine were
compared by paired f-test. There was no missing data.

As previously mentioned, body weight reduction is an
important treatment method for NAFLD patients [8]. Thus,
we also tested the following variables obtained at the time
of entry in univariate and multivariate logistic regression
analysis to evaluate the factors which contribute to body
weight reduction for over 5%; age, sex, BMI, presence of
hypertension, existence of dyslipidemia, history of smoking,
combination use of metformin or sulfonylurea agents,
AST, ALT, y-glutamyl transpeptidase (y-GTP), fast blood
sugar level, HbAlc, LDL-cholesterol, triglyceride, platelet
counts, APRI index, and treatment modalities (liraglutide,
sitagliptin, or pioglitazone). Parameters which P values
were less than 0.10 included in the multivariate analysis.
Nominal categorical data were represented by corresponding
binary dummy variables. Data processing and analysis were
performed using the StatView version 5.0 (SAS Institute
Inc.).

3. Results

3.1. Patient Profile. The patients were divided into three
groups according to the treatment modalities: liraglutide-
treated group (N = 26), sitagliptin-treated group (N =
36), and pioglitazone-treated group (N = 20) (Figure 1).
Baseline characteristics of each group were shown in Table 1.
Dosing period of each drudges significantly different among
the three groups (P < 0.01). The longest treatment period
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TaBLE 2: Change of parameters after administration of liraglutide.

Liraglutide group (N =26)

Paired t-test

Variables (N) Before administration After administration
P value

Body weight* (kg) 81.8 (74.4-92.3) 78.0 (72.1-88.5) <0.01
BMI* (kg/m?) 30.1 (26.8-32.1) 28.6 (25.5-31.6) <0.01
AST* (IU/mlL) 50 (32-59) 35 (29-39) <0.01
ALT* (IU/mL) 65 (52-74) 48 (34-61) <0.01
y-GTP* (IU/mL) 98 (55-127) 90 (48-130) 0.44
Fast blood glucose* (mg/dL) 207 (151-256) 168 (116-199) 0.02
HbAlc (%) 8.4 (7.4-9.4) 7.6 (6.9-8.4) 0.01
LDL-cholesterol* (mg/dL) 103 (78-116) 99 (78-115) 0.51
Triglyceride* (mg/dL) 199 (125-283) 175 (114-231) 0.19
Platelet count* (x10°/uL) 204 (183-230) 207 (173-224) 0.67
APRI index* 0.73 (0.37-0.91) 0.49 (0.34-0.56) <0.01

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyl transpeptidase; HbAlc: hemoglobin Alc; APRI:

AST-to-platelet counts ratio index.

was observed in pioglitazone group. There were significant
differences about the comorbidity with dyslipidemia among
the three groups (P < 0.01). Comorbidity with dyslipidemia
was higher in liraglutide group (92.3%). The combination
use of metformin or sulfonylurea agents was significantly
different among the three groups (P < 0.01 and P = 0.04,
resp.). The proportion of combination use with metformin
agents was higher in sitagliptin group (30.6%), and the
proportion of combination use with sulfonylurea agents
was higher in liraglutide group (69.2%). There were also
significant differences about AST level, LDL-cholesterol level,
and APRI index among the three groups (P = 0.04, P =
0.02, and P = 0.04, resp.). Pioglitazone group had advanced
liver inflammation and fibrosis. There were no significant
differences about other baseline characteristics among the
three groups: age, proportion of male patients, body weight,
BMI, comorbidity with hypertension, proportion of smoking
patients, ALT level, y-GTP level, fast blood glucose level,
HbAIc level, Triglyceride level, and platelet counts.

3.2. Changes of Parameters after the Administration of Each
Treatment. Table 2 showed the change of each parameter
after administration of liraglutide. There was significant
decrement in body weight and BMI; body weight decreased
from 81.8kg to 78.0kg, and BMI decreased and from
30.1kg/m? to 28.6kg/m? (both P < 0.01). The control
of diabetes mellitus also markedly improved: fast blood
glucose decreased from 207 mg/dL to 168 mg/dL (P = 0.02)
and HbAlc decreased from 8.4% to 7.6% (P = 0.01).
Additionally, there was significant improvement of liver
inflammation and liver fibrosis score; AST decreased from
50IU/L to 35IU/L, ALT decreased from 65IU/L to 48 IU/L,
and APRI index decreased from 0.73 to 0.49 (all P < 0.01).
Table 3 showed the change of each parameter after
administration of sitagliptin. The control of diabetes mellitus
significantly improved: fast blood glucose decreased from
175 mg/dL to 152 mg/dL and HbAlc decreased from 8.4%
to 7.3% (both P = 0.01). LDL-cholesterol also markedly

decreased from 126 mg/dL to 113mg/dL (P = 0.02).
Additionally, there was significant improvement of liver
inflammation; ALT decreased from 75IU/L to 61 IU/L (P =
0.03), and y-GTP decreased from 89IU/L to 75IU/L (P =
0.01). However, body weight, BMI, AST level, and APRI
index changes did not retain statistical significance.

Table 4 showed the change of each parameter after ad-
ministration of pioglitazone. The control of diabetes mellitus
significantly improved: fast blood glucose decreased from
182 mg/dL to 141 mg/dL, and HbAlc decreased from 7.7% to
6.9% (both P = 0.01). Triglyceride also markedly decreased
from 210 mg/dL to 161 mg/dL (P = 0.03). Additionally, there
was significant improvement of liver inflammation and liver
fibrosis score; AST decreased from 62 IU/L to 41 IU/L, ALT
decreased from 87IU/L to 53IU/L, y-GTP decreased from
95IU/L to 65IU/L, and APRI index decreased from 0.96 to
0.73 (all P < 0.01). However, there was significant increment
in body weight and BMI; body weight increased from 78.6 kg
to 81.8kg (P < 0.01), and BMI increased 28.8kg/m? to
30.0kg/m? (P = 0.02).

3.3. Logistic Regression Analysis about 5% Body Weight Re-
duction. As previously mentioned, body weight reduction
for more than 5% is one of the important treatment of
NAFLD [8]. Thus, we performed univariate and multivariate
logistic regression analysis to clarify the parameters which
affect on body weight reduction for over 5% (Table 5). In
the univariate logistic regression analysis, administration of
liraglutide, higher fast blood glucose level, and higher APRI
index score were identified as significant factors contributing
to body weight reduction (P < 0.01, P < 0.01, and P = 0.04,
resp.). Combination use of sulfonylurea agents and higher
AST level had also tendency to be significant factors affecting
on body weight loss (P = 0.07 and P = 0.09, resp.). On
the other hand, administration of sitagliptin was identified
as a significant adverse factor on body weight reduction
(P < 0.01). Higher serum albumin level also tended to be
an adverse factor on body weight loss (P = 0.06). Adjusting
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TaBLE 3: Change of parameters after administration of sitagliptin.

Sitagliptin (N = 36)

Paired r-test

Variables (N) Before administration After administration
P value

Body weight* (kg) 81.1 (68.4-88.9) 80.7 (68.7-86.3) 0.39
BMI* (kg/mz) 29.4 (25.0-31.3) 29.2 (25.5-31.2) 0.56
AST* (IU/mL) 47 (36-56) 44 (30-45) 0.47
ALT* (IU/mL) 75 (55~89) 61 (40-74) 0.03
y-GTP* (IU/mL) 89 (47-116) 75 (43-100) . 0.01
Fast blood glucose* (mg/dL) 175 (138-201) 152 (128-187) <0.01
HbAlc (%) 8.4 (7.5-9.5) 7.3 (6.5-7.8) <0.01
LDL-cholesterol* (mg/dL) 126 (104-148) 113 (97-129) 0.02
Triglyceride* (mg/dL) 175 (114-229) 166 (99-195) 0.60
Platelet count* (x10%*/uL) 216 (166-248) 202 (162-240) <0.01
APRI index* 0.64 (0.44-0.76) 0.60 (0.39-0.63) 0.47

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyl transpeptidase; HbAlc: hemoglobin Alc; APRI:

AST-to-platelet counts ratio index.

TasLE 4: Change of parameters after administration of pioglitazone.

Pioglitazone group (N = 20)

Paired t-test

Variables (N) Before administration After administration
P value

Body weight* (kg) 78.6 (68.2-86.0) 81.8 (73.0-86.8) <0.01
BMI* (kg/mz) 28.8 (24.6-31.5) 30.0 (26.2-33.9) 0.02
AST* (IU/mL) 62 (40-85) 41 (26-47) <0.01
ALT* (IU/mL) 87 (60-112) 53 (33-69) <0.01
y-GTP* (IU/mL) 95 (54-114) 65 (31-87) <0.01
Fast blood glucose* (mg/dL) 182 (135-224) 141 (114-161) <0.01
HbAlc (%) 7.7 (6.9-8.5) 6.9 (6.2-7.3) <0.01
LDL-cholesterol* (mg/dL) 114 (92~140) 114 (87-140) 0.78
Triglyceride* (mg/dL) 210 (130-198) 161 (95-165) 0.03
Platelet count* (x10%/uL) 193 (147-233) 184 (138-226) 0.14
APRI index* 0.96 (0.60-1.09) 0.73 (0.41-0.71) 0.01

BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyl transpeptidase; HbAlc: hemoglobin Alc; APRI:

AST-to-platelet counts ratio index.

for these factors, multivariate logistic regression analysis
indicated that administration of liraglutide and higher fast
blood glucose level as independent factors affecting on body
weight reduction for over 5% (both P = 0.04).

4, Discussion

NAFLD is a liver disease that is characterized histologically by
hepatic steatosis, lobular inflammation, and hepatocellular
ballooning [24], and it was reported that at least 3% of
the patients progressed to cirrhosis [3]. The disorder is
thought to be common because the incidence of its typical
features, fatty liver disease, obesity, and type 2 DM, is
increasing [25]. Multiple pharmacologic interventions have
been attempted with variable success. Particularly, trials of
glucose lowering agents such as metformin and pioglitazone
have yielded promising results [18, 26]. In this study, drastic
improvement of serum AST and ALT level was shown not

only in pioglitazone group but also in liraglutide group
and sitagliptin group, suggesting that treatment of diabetes
improved insulin resistance and led to amelioration of liver
inflammation in NAFLD patients with type 2 DM.

However, the improvement of liver inflammation and
liver fibrosis is different matter. Since in a randomized
controlled trial intended for NAFLD patients, pioglitazone
demonstrated alteration of liver inflammation but did not
affect on improvement of liver fibrosis [6]. Since this current
study was based on outpatient clinic medial care, liver
biopsy was not applied in our study population. Noninvasive
measurement methods of liver stiffness, such as transient
elastography, were not available in our institute. Thus, we
applied APRI index to evaluate the degree of liver fibrosis
[22]. In this current study, APRI index significantly improved
between liraglutide group and pioglitazone group but not in
sitagliptin group. The calculation of APRI index depended
on changes in AST level and it might be one of the limitations

- 138 -



The Scientific World Journal

TasLE 5: Univariate and multivariate logistic regression analysis to evaluate the factors which contribute to body weight reduction for over

5%.

Variables Odds raFio (95% CD P Odds rati.o (95% CI) P
univariate multivariate

Age (per year) 1.02 (0.97-1.07) 0.54

Male 1.32 (0.33-5.28) 0.69

Body weight (per 1.0kg) 1.01 (0.98-1.05) 0.49

BMI (per 1.0 kg/m?) 1.06 (0.96-1.17) 0.23

Hypertension 1.41 (0.44-4.51) 0.56

Dyslipidemia 1.12 (0.31-3.97) 0.86

Smoking 1.91 (0.59-6.10) 0.28

Liraglutide 8.13 (2.24-29.5) <0.01 9.04 (1.12-73.1) 0.04

Sitagliptin 0.17 (0.03-0.80) <0.01 1.19 (0.12-12.0) 0.88

Pioglitazone 0.46 (0.09-2.27) 0.34

Metformin 2.66 (0.08-9.30) 0.96

Sulfonylurea 3.17 (0.90-11.1) 0.07 1.61 (0.28-9.43) 0.60

Albumin (per 1.0 mg/dL) 0.13 (0.01-1.13) 0.06 0.11 (0.01-2.42) 0.16

AST (per 10IU/L) 1.22 (0.97-1.61) 0.09 1.03 (0.95-1.11) 0.47

ALT (per 10IU/L) 1.05 (0.88~1.25) 0.54

y-GTP (per 10IU/L) 1.05 (0.94-1.15) 0.33

Fast blood glucose (per 10 mg/dL) 1.13 (1.03-1.26) <0.01 1.14 (1.01-1.28) 0.04

HbAlc (per 1.0%) 1.32 (0.85--2.02) 0.21

LDL-cholesterol (per 10 mg/dL) 0.87 (0.71-1.06) 0.16

Triglyceride (per 10 mg/dL) 1.02 (0.98-1.06) 0.41

Platelet counts (per X104/;4L) 0.91 (0.82-1.02) 0.09 0.98 (0.72-1.33) 0.42

APRI index (per 1.0) 3.22 (0.01-997) 0.04 2.11 (0.01-332) 0.77

CIL: confidence interval; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyl transpeptidase; HbAlc:

hemoglobin Alc; APRI: AST-to-platelet counts ratio index.

of this study. Nonetheless, the alteration of APRI index
might be expected in these two groups. On the other hand,
sitagliptin group had already lower serum AST leve] at the
time of administration. It might be the main cause of no
change in the APRI index at the end of followup. Although
we could not clarify the true outcome of liraglutide on
liver fibrosis, it was reported that GLP-1 analogue directly
inhibited fibroblast growth factor 21 which promoted the
progression of liver fibrosis in mice model [15]. Further more
studies are needed.

Obesity is considered one of the most important risk
factors for NAFLD [27]. Weight reduction via lifestyle
intervention is generally recommended as an initial step
in the management of NAFLD [27], and its effectiveness
was proven in a randomized controlled trial [8]. However,
lifestyle intervention depends on patient’s own efforts and
sometimes difficult to achieve the aim [28]. In this current
study, the body weight dramatically changed after the
administration of each treatment. Significant body weight
reduction was shown in liraglutide group, significant body
weight gain was shown in pioglitazone group, and body
weight did not change in sitagliptin group. These results were
supported by previous reports [13]. Besides, multivariate
logistic regression analysis indicated that administration
of liraglutide as an independent factor for body weight

reduction. Although the first step in the management of
NAFLD is lifestyle intervention, liraglutide may support
body weight reduction via suppressing appetite and finally
affect on improvement of NAFLD.

Since this current study based on a retrospective cohort,
there were lots of limitations. The first limitation is that
the difference of dosing period of each medicine. The
median dosing period of pioglitazone was about 1200
days. On the other hand, the median dosing period of
liraglutide and sitagliptin was about 340 days and 250 days,
respectively. There was approximately fourfold difference,
and the long-term outcome of liraglutide and sitagliptin
was still unknown. The second limitation is that liraglutide
is administered by subcutaneous injection. Sitagliptin and
pioglitazone are oral drugs and considered to be less invasive
than liraglutide. Continuing subcutaneous injection every
day may be a great stress for patients even if weekly
subcutaneous injective GLP-1 analogue (exenatide long-
acting release) will be available in the near future. The
last limitation is that this study cohort was consisted in
patients treated with combination use of metformin agent.
Metformin agent was reported to have some effects on liver
steatosis and inflammation [26].

In conclusion, we have demonstrated the improvement
of liver inflammation and diabetes in NAFLD patients with
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type 2 DM treated by liraglutide, sitagliptin, and pioglita-
zone. However, APRI index did not alter in sitagliptin group,
and body weight significantly increased in pioglitazone
group. Aggravation of liver fibrosis score might lead future
liver cirrhosis, and body weight gain could exacerbate liver
inflammation and other metabolic disorders. Administration
of liraglutide led not only to good control of type 2 DM
but also improvement of liver inflammation, alteration of
liver fibrosis, and reduction of body weight. Particularly,
body weight reduction was a favorable outcome of applying
liraglutide in NAFLD patients with type 2 DM.
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Abstract Niemann-Pick Cl-like 1 protein (NPC1L1), a
transporter crucial in intestinal cholesterol absorption, is
expressed in human liver but not in murine liver. To eluci-
date the role of hepatic NPC1L1 on lipid metabolism, we
overexpressed NPCIL1 in murine liver utilizing adenovirus-
mediated gene transfer. C57BL/6 mice, fed on normal
chow with or without ezetimibe, were injected with NPC1L1
adenovirus (L1-mice) or control virus (Null-mice), and lipid
analyses were performed five days after the injection. The
plasma cholesterol levels increased in Ll-mice, and FPLC
analyses revealed increased cholesterol contents in large
HDL lipoprotein fractions. These fractions, which showed
a-mobility on agarose electrophoresis, were rich in apoE
and free cholesterol. These lipoprotein changes were par-
tially inhibited by ezetimibe treatment and were not ob-
served in apoE-deficient mice. In addition, plasma and
VLDL triglyceride (TG) levels decreased in Ll-mice. The
expression of microsomal triglyceride transfer protein (MTP)
was markedly decreased in L1-mice, accompanied by the re-
duced protein levels of forkhead box protein O1 (FoxO1l).
These changes were not observed in mice with increased
hepatic de novo cholesterol synthesis.Bli These data demon-
strate that cholesterol absorbed through NPCI1L1 plays a
distinct role in cellular and plasma lipid metabolism, such
as the appearance of apoE-rich lipoproteins and the di-
minished VLDL-TG secretion.—Kurano, M., M. Hara, K.
Tsuneyama, K. Okamoto, N. Iso-O, T. Matsushima, K. Koike,
and K. Tsukamoto. Modulation of lipid metabolism with
the overexpression of NPC1L1 in mouse liver. J. Lipid Res.
2012. 53: 2275-2285.
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Dyslipidemia has proved to be a major risk factor for
cardiovascular diseases, and many lipid-lowering agents
have been demonstrated to reduce the incidence of car-
diovascular diseases. Ezetimibe is a recent lipid-lowering
agent known to inhibit cholesterol absorption from the
intestine (1). The main clinical benefit of ezetimibe is to
lower LDL cholesterol levels (2-5); however, there have
been reports of other beneficial effects of ezetimibe, such
as lowering plasma triglycerides levels (3, 5, 6).

Niemann-pick Cl-ike 1 protein (NPC1L1) (7, 8), a target
protein of ezetimibe, exists in the plasma membrane and
early endosome and plays a key role in the intestinal
absorption of free cholesterol (9-11). The cholesterol
entering the plasma membrane is detected by NPCIL1
and internalized in the endocytic recycling compartment.
Interestingly, the difference in the expression levels of
NPC1L1 among various tissues differ among species; in
humans, the level of NPC1L1 expression in the liver is
almost the same as that of the intestine; however, there is
little hepatic NPC1L1 expression in rodents, especially in
mice (7). Previous work by Temel et al., which utilized
transgenic mice stably expressing NPCIL1 in the liver,
demonstrated that hepatic NPC1L1 played a critical role
in the absorption of cholesterol from the bile (12). This ob-
servation enriched our knowledge regarding the sources of
cholesterol in the human liver; besides the de novo synthesis

Abbreviations: CETP, cholesteryl ester transfer protein; ER, en-
doreticulum; ERL, apoE-rich lipoprotein; EZ, ezetimibe; FoxO1, fork-
head box protein O1; FPLG, fast protein liquid chromatography; LSS,
lanosterol synthase; MTP, microsomal triglyceride transfer protein;
NPC1L1, Niemann-Pick Cl-ike 1 protein; SR-BI, scavenger receptor
class B, type I; TG, triglyceride; GPT, glutamic pyruvic transaminase.
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of cholesterol and cholesterol supply from the sinusoidal
side of the cells through lipoproteins, human hepatocytes
acquire cholesterol from the bile duct canaliculi as well.

Several lines of evidence have shown that hepatic choles-
terol derived from different sources has undergone different
metabolic pathways; for example, cholesterol taken up
through scavenger receptor class B, type I (SR-BI) from
HDL particles is believed to be preferentially secreted in the
bile (13, 14), whereas cholesterol newly synthesized or
acquired via LDL receptors is secreted into the blood circu-
lation or stored in the cells. Thus, it is plausible to hypoth-
esize that cholesterol acquired through NPCI1L1 from the
canalicular side of the hepatocytes undergoes a different
pathway from that of other origins and may possess novel
metabolic properties on lipid and lipoprotein metabolism.

In this study, we examined the influence of hepatic
NPCILI expression on lipoprotein metabolism utilizing
adenovirus-mediated gene transfer. Stable inbred expres-
sion of a target protein utilizing transgenic animals would
result in the secondary metabolic changes to maintain
homeostasis and, in doing so, obscure the genuine meta-
bolic effects of the target protein. On the other hand, abrupt
and adventitious protein expression using an adenoviral-
vector enabled us to examine the metabolic effect of the
expressed protein with minimal secondary metabolic
changes. Through this study, we found two interesting
effects on lipoprotein metabolism with hepatic NPCIL1
expression; namely, we observed the emergence of apoE-rich
lipoprotein (ERL) as well as a decrease in serum VLDL-
triglyceride (TG). Besides this observation, we could clar-
ify that cholesterol absorbed through NPCIL1 might
possess physiological properties that are distinct from cho-
lesterol derived from other origins.

EXPERIMENTAL PROCEDURES

Generation of recombinant adenoviruses

Human NPCI1L1 and LSS ¢cDNAs were cloned from the cDNA
library of human liver (Takara Bio Inc., Shiga, Japan) and pe-
ripheral blood mononuclear cells, respectively. Human NPCI1L1
adenovirus (Ad-L.1) and human LSS adenovirus (Ad-LSS) were
constructed with AdEasy system (Stratagene, La Jolla, CA) and
purified through CsCl gradient centrifugation. Control adenovi-
rus (Ad-Null), which lacks encoded cDNA, was also constructed.

For the in vivo analyses, adenoviral vectors were administered
with a dose of 1 x 10" particles (6.5 x 10° pfu) via the tail vein
into mice. For the in vitro experiments, the cells were infected
with adenoviruses at the MOI of 25.

Cell samples

HepGa2 cells, purchased from American Type Culture Collection
(ATCC; Manassas, VA), were cultured in DMEM (Sigma-Aldrich
Co.) supplemented with 10% fetal bovine serum (FBS; Gibco BRL,
Eggstein, Germany) and 1% penicillin/streptomycin (Gibco BRL).

To analyze the effects of NPCI1L1 expression in HepG2 cells,
2 days after the viral infection, the medium was replaced with
serum-free, bile micelle-containing DMEM. Bile micelle was
prepared as described previously (15); sodium taurocholate
(Sigma-Aldrich Co.) dissolved in 96% ethanol, egg-yolk phos-
phatidylcholine (Sigma-Aldrich Co.) dissolved in methanol, and

2276  Journal of Lipid Research Volume 53, 2012

cholesterol (WAKO Pure Chemical Industries, Osaka, Japan) dis-
solved in ethanol were briefly mixed together, evaporated under
nitrogen gas flow, stirred in DMEM for 6 h at 37°C, and filtered
before use. The final concentrations of sodium taurocholate,
egg-yolk phosphatidylcholine, and cholesterol were 2 mM, 40 pM,
and 0.1 mM, respectively.

For the analysis of the effects of cellular de novo cholesterol
synthesis on the FoxOl protein level, the medium was replaced
with serum-free DMEM containing 10 uM pitavastatin (Chemtech
Labo., Inc., Tokyo, Japan) with or without 30 mM mevalonate
(Sigma-Aldrich Co.). The cells were subjected to analyses 24 h
after changing the medium.

Animal models

C57BL/6 mice and apoE-deficient mice were purchased from
CLEA Japan (Tokyo, Japan) and Sankyo Lab Service Co. (Tokyo,
Japan), respectively. Ezetimibe-containing chow (10 mg/100 g food)
(16) was prepared by mixing Zetia tablets (Schering, Kenilworth, NJ)
dissolved in carboxymethyl cellulose (Sigma-Aldrich Co.) with
normal chow (Oriental Yeast Co, Tokyo, Japan). Six-week-old mice
were fed with normal chow containing ezetimibe [EZ(+)] or
vehicle [EZ(—)] for 3 weeks, after which they were injected with
adenoviral vectors. Animal experiments were approved by the
animal committee within the University of Tokyo.

Immunohistochemical analysis

Liver samples of mice infected with Ad-L1 or Ad-Null were
fixed with 4% paraformaldehyde, sectioned into 5 wm thick
slices, and processed for immunohistochemistry utilizing rabbit
anti-NPCIL]1 antibody (Cayman Chemical Co, Ann Arbor, MI) as a
primary antibody and peroxidase-labeled polymer of goat anti-
rabbit Ig antibody (Envision system, Dako, Glostrup, Denmark)
as the secondary antibody. Color development was performed
with DAB, and the samples were counterstained by hematoxylin.

Analyses of bile acid, phospholipids, and cholesterol
contents of the bile

The bile was harvested from the gall bladders of anesthetized
mice and mixed with methanol and chloroform. The aqueous
phase was utilized to assess total bile acids using enzymatic meth-
ods (WAKO Pure Chemical Industries); the organic phase was
designed to assess phospholipids through enzymatic methods
(WAKO Pure Chemical Industries) and cholesterol using HPLC
as described previously (17).

Analysis of plasma lipoprotein profiles

Five days after the injection of adenoviruses, the mice were
fasted for 6 h, and blood samples were collected. Total and free
cholesterol, triglycerides, and phospholipids were measured with
enzymatic methods (WAKO Pure Chemical Industries). The val-
ues of esterified sterol were calculated by subtracting free sterol
values from total sterol values and then multiplying by 1.67. The
plasma samples were also subjected to Western blot analyses with
anti-apoA-I antibody, anti-apoE antibody (Chemicon Interna-
tional Inc., Temecula, CA), and anti-apoB antibody (Calbiochem
Inc., La Jolla, CA), after which plasma apolipoprotein levels were
calculated with densitometric analyses of the blots.

Plasma samples were pooled and separated by FPLC utilizing
Superose 6 column. The pooled plasma and several FPLC frac-
tions were further separated by agarose electrophoresis with uni-
versal gel/8 (Helena Laboratory, Saitama, Japan). The agarose
gels were stained with Fat Red 7B (Sigma-Aldrich Co.) to analyze
the lipoprotein distribution; for the analyses, proteins on the
gels were transferred to nitrocellulose membranes, followed by
immunoblotting as described below.
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Measurement of cellular and hepatic lipid contents

Cellular and hepatic lipid was extracted with methanol and
chloroform, and the cholesterol and triglycerides levels were
measured with enzymatic methods. The levels of cholesterol and
triglycerides were adjusted with the cellular or hepatic protein
levels.

Preparation and Western blot analyses of liver
homogenates and cell lysates

For the preparation of whole cellular proteins, murine livers
and HepG2 cells were homogenized in RIPA lysis buffer (Santa
Cruz Biotechnology, Santa Cruz, CA). For the preparation of
membranous protein, murine livers and HepG2 cells were
homogenized in 5 mM Tris-HCI (pH 7.5) solution containing
1 mM PMSF and protease inhibitor cocktail (Roche, Mannheim,
Germany) and centrifuged at 700 g for 15 min three times. The
supernatants were centrifuged at 444,000 g for 60 min, and the
pellets were suspended in 50 mM Tris-HCl (pH7.5) solution
containing 1% TritonX-100, 5 mM EDTA, 10 mM EGTA, and
1 mM PMSF. The nuclear fractions were prepared as described
previously (18).

Protein analyses with Western blot were performed using the
following antibodies; anti-Erk and anti-phospho Erk antibody
(BD Bioscience, San Jose, CA); anti-FoxO1 (Ser256) antibody
(GenScript Co., Piskataway, NJ); anti-B-actin antibody (MBL, Nagoya,
Japan); anti-NPC1L1 and anti-LDL receptor antibody (Cayman
Chemical Co., Ann Arbor, MI); anti-ABCA1 antibody (Novus
Biologicals, Inc., Littleton, CO); anti-pan cadherin antibody
(Thermo Fisher Scientific Inc., Fremont, CA); and anti-SREBP-1,
SREBP-2, and laminA/C antibody (Santa Cruz Biotechnology).

Real-time PCR

Total RNAs extracted from murine livers with GenElute mam-
malian total RNA miniprep kit (Sigma-Aldrich) were subjected to
reverse transcription with Superscript II enzyme (Invitrogen
Co.). Real-time quantitative PCR was performed with LightCycler
system (Roche Diagnostics, Basel, Switzerland). Hybridization
probes and primers were obtained from Nihon Gene Research
Laboratories, Inc. (Sendai, Japan). The expression levels of the
genes of interest were adjusted to those of the endogenous con-
trol GAPDH mRNA.

Hepatic VLDL-TG production assay

Five days after the adenovirus injection, mice were fasted for
5 h, and then injected with a 500 mg/kg body weight dose of
tyloxapol (Sigma-Aldrich Co.) (19). Blood samples were collected
at 0, 40, 80, and 120 min and measured for triglycerides.

Statistical analysis

The results were expressed as mean = SEM. Differences between
two groups were evaluated with Student #test, and the differences
among more than two groups were assessed using one-way
ANOVA, followed by multiple comparison tests. P-values less than
0.05 were deemed as statistically significant.

RESULTS

Increased uptake of free cholesterol from bile micelles
with the expression of NPC1L1 in HepG2 cells

To demonstrate that NPCIL1 expression with human
NPCIL1 adenovirus (Ad-L1) increased the uptake of cho-
lesterol in the bile micelle, HepG2 cells infected with
Ad-L1 or control adenovirus (Ad-Null) were loaded with

bile micelles, and the cellular cholesterol contents were
evaluated. As shown in Fig. 1, cellular infection of Ad-L1
increased NPC1L1 protein contents (Fig. 1A) and resulted
in a significant increase in cellular free cholesterol, which
was inhibited by ezetimibe treatment (Fig. 1B). Incuba-
tion of the cells for a longer period resulted in a significant

- increase in cellular cholesteryl ester content as well, which

would be a consequence of the esterification of free cho-
lesterol (supplementary Fig. I). These results indicated
that NPC1L1, expressed with Ad-L1, absorbed free choles-
terol from the bile micelles.

Localization of overexpressed NPC1L1 protein in mice
liver and its effect on biliary cholesterol concentration

We overexpressed NPCIL1 protein in C57BL/6 mice
and evaluated its effect on the lipid contents in the bile.
Western blot analysis of the liver samples confirmed that
the administration of Ad-L1 into C57BL/6 mice resulted
in the increase of NPC1L1 protein in the liver (Fig. 1C).
Furthermore, immunohistochemical analysis of the liver
specimens showed that the overexpressed NPCIL1 pro-
tein was mainly localized to the bile canalicular surface
(Fig. 1D, E), which was concordant with the NPC1L1 local-
ization in human liver.

Analysis of the lipid and bile acid contents of the bile
showed a significant and drastic decrease in the biliary
cholesterol levels with no changes in concentration of bile
acids (Fig. 1F), indicating that overexpressed NPCI1L1
protein localized to the canalicular side had absorbed cho-
lesterol from the bile. Concordant with this observation,
hepatic cholesterol contents increased almost in parallel
with hepatic NPCIL1 expression (supplementary Fig. II).
The biliary phospholipid concentrations also decreased
by as much as 50% (Fig. 1F) with the overexpression of
NPCILI.

Modulation of plasma lipid profiles with the
overexpression of NPCIL1 in C57BL/6 mice

‘We next analyzed the effects of hepatic NPCIL1 expres-
sion on plasma lipoprotein metabolism. As shown in Fig. 24,
hepatic NPC1L1 expression dramatically increased plasma
total cholesterol levels (96 mg/dl versus 155 mg/dl,
P <0.01); this increase was partially inhibited by ezetimibe
treatment [EZ(+)]. Plasma phospholipids were also in-
creased by hepatic NPCIL1 expression (supplementary
Fig. III-A). As for plasma apolipoprotein levels, hepatic
NPCILI expression increased plasma apoE, apoB100, and
apoB48; however, no difference was observed in plasma
apoA-T (Fig. 2B, supplementary Fig. III-B, C).

To analyze more extensively the lipoprotein changes
induced by NPC1L1 overexpression, pooled plasma samples
were subjected to fast protein liquid chromatography
(FPLC) analysis. As shown in Fig. 2C, the increase in
plasma cholesterol levels found in mice administered
Ad-L1 (Ll-mice) was due to the increase in those of LDL
fractions (fractions 30-34) and of fractions whose particle
sizes ranged between those of LDL and HDL (fractions
36-40). The increase in cholesterol levels in these fractions
was partially reversed by ezetimibe treatment; however, in

Modulation of Lipid metabolism by hepatic NPC1L1 2277
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Fig. 1.

Overexpression of NPCIL1 in murine liver facilitated the uptake of cholesterol from the bile. (A,

B) HepG2 cells infected with Ad-L1 (L1) or Ad-Null (Null). (A) Western blot analysis of cellular membra-
nous proteins for NPCILL. (B) Cellular free cholesterol uptake from bile micelle (n = 3). #*P < 0.01 com-
pared with other groups. (C-F) C57BL/6 mice were administered Ad-L1 (L1) or Ad-Null (Null). (C) Time
course changes of the hepatic NPC1L1 protein. Western blot analyses for NPC1L1 protein were performed
with the cellular membranous proteins of the liver. (D, E) Immunohistochemical analysis of the liver for
NPCILI. (D) Null-mice and (E) Ll-mice. White arrows indicate NPC1L1 protein along the bile canaliculi,
and black arrows represent Kupffer cells. (F) Cholesterol, bile acid, and phospholipid levels in the bile ob-

tained from galibladder (n = 4).

- mice injected with Ad-Null (Null-mice), treatment with

ezetimibe did not affect the FPLC cholesterol profile, sug-
gesting that the lipoprotein changes found in Ll-mice
emerged as a result of hepatic NPC1L1 expression. Changes
in cholesterol levels were not observed in VLDL frac-
tions (fractions 22-24) and HDL fractions (fractions 41-45).
Analysis of free cholesterol levels among FPLC fractions
revealed that fractions 36-40 of Ll-mice were markedly
rich in free cholesterol; specifically, about 50% of choles-
terol was free cholesterol (supplementary Fig. III-D). The
phospholipid contents of fractions 36-40 of Ll-mice in-
creased as well (supplementary Fig. III-E). Western blot

2278 Journal of Lipid Research Volume 53, 2012

analyses of FPLC fractions demonstrated that apoE pro-
tein levels increased markedly in fractions 36-40, indicat-
ing that these fractions were apoE-rich lipoproteins (ERL)
(Fig. 2D). ApoE protein was also abundant in fractions
30-34, implying that fractions 30-34 were composed of
not only LDL particles but also ERLs.

Previous studies have suggested that several classes of
lipoproteins, such as pre-g1, pre-32, or c-migrating lipo-
proteins (20, 21), possess the potency to represent ERL.
Thus, to characterize the ERLs found in Ll-mice, plasma
and FPLC samples were subjected to agarose electropho-
resis. Agarose electrophoresis of the plasma revealed that
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Fig. 2. Increased plasma cholesterol levels and the appearance of apoE-rich lipoproteins with the over-
expression of NPC1L1 in murine liver. Six-week-old C57BL6 mice were fed with normal chow containing ezetimibe
[EZ(+)] or vehicle [EZ(—)] for 3 weeks, and then they were administered Ad-L1 (L1) or Ad-Null (Null). Five
days after the viral administration, plasma samples were collected after 6 h fasting (n = 3~5/each group). (A)
Plasma total and free cholesterol levels were measured with enzymatic methods. *P< 0.01 versus Null EZ(—)
and Null EZ(+), and P< 0.05 versus L1 EZ(+); TP < 0.05 versus the other groups; P < 0.01 versus Null EZ(~),
and P< 0.05 versus Null EZ(+); *P< 0.05 versus Null EZ(—). (B) Plasma apoE was determined with Western blot
analysis. *P < 0.01 compared with Null EZ(—), Null EZ(+), and P < 0.05 compared with L1 EZ(+); P<0.01
compared with Null EZ(—) and Null EZ(+). (C, D) Pooled plasma samples from each group were separated by
FPLC, and fractions were subjected to cholesterol measurements and Western blot analyses. Panel C represents
the total cholesterol profile, and panel D represents the results of Western blot analyses for apoE, apoB, and
apoA-l proteins among the FPLC fractions. (E-G) Pooled plasma samples and FPLC-Afractionated samples from
Null EZ(—), Null EZ(+), L1 EZ(—), and L1 EZ(+) were subjected to agarose gel electrophoresis. The gels were
either stained with Fat Red 7B (panels E, F) or blotted to nitrocellulose membranes followed by Western blot
analyses (panel G). (E) Fat Red 7B staining of the gels electrophoresed with pooled plasma samples. (F) Pooled
plasma samples (total) or some FPLC fractions (80-32, 37-38, and 41-43) were subjected to agarose gel elec-
trophorests, followed by Fat Red 7B staining. (G) Pooled plasma samples (total) or FPLC fractions (37-38)
were subjected to agarose gel electrophoresis, followed by Western blot analyses for apoA-I, apoB and apoE.
(F) Western blot analyses for hepatic LDL receptor protein. -Actin was used as an internal control.

the lipid contents of pre- lipoproteins were decreased in respectively, confirming that they were LDL and HDL frac-
Ll-mice (Fig. 2E), suggesting decreased neutral lipids  tions (Fig. 2F). Lipoproteins of fractions 37-38, which were
in VLDL fractions. FPLC fractions 30-32 and fractions abundant in apoE, showed a-mobility (Fig. 2F); furthermore,
41-43 showed - and a-mobility on agarose electrophoresis, =~ Western blot analysis of the agarose gel electrophoresed

Modulation of lipid metabolism by hepatic NPC1L1 2279
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with fractions 37-38 revealed the existence of apoE exclu-
sively in the a-position, with no detection of apoA-I and
apoB proteins (Fig. 2G). Thus, these results demonstrated
that ERLs found in Ll-mice were homogeneous and had
a-mobility on agarose electrophoresis, which could be
classified as large HDL particles.

Analyses of the ERL production mechanism

To elucidate the mechanism behind the appearance of
ERL in L1-mice, we first examined whether Ad-L1 admin-
istration affected the intestinal sterol absorption. As shown
in supplementary Fig. IV, absorption of sterol from intes-
tine of L1-mice was almost the same as that of Null-mice,
suggesting that the appearance of ERL was not due to the
modulation in intestinal cholesterol absorption in L1-mice.
Ezetimibe treatment in L1-mice understandably suppressed
sterol absorption significantly (supplementary Fig. IV),
which might be associated with the reduced plasma total
cholesterol levels in EZ-treated L1-mice. Second, to clarify
that ERLs were produced directly from hepatocytes, the
media of HepG2 cells treated with Ad-L1 together with
bile micelles were subjected to FPLC analyses. As shown in
supplementary Fig. V, apoE protein in the media was dis-
tributed in fractions 36—40 as well as in other lipoprotein
fractions, confirming that ERLs were directly produced
from Ll-expressing HepG2 cells. Furthermore, ezetimibe
treatment efficiently suppressed apoE levels in fractions
between LDL and HDL, suggesting that cholesterol
absorbed through NPC1L1 would be secreted dominantly
as ERL. ,

We next analyzed the factors believed to be relevant to
ERL production in the liver. One of the candidates is the
increased ATP binding cassette transporter Al (ABCAI)
protein levels, which has been proposed in two different
lines of studies (12, 22); however, ABCALI protein level was
not altered in Ad-L1 mice (supplementary Fig. VI-A). Up-
regulation of hepatic apoE, which has been shown to be
associated with increased ERL production in HepG2
spheroids when treated with a LXR agonist (18), was the
other candidate; however, hepatic apoE protein and
mRNA levels were unaltered (supplementary Fig. VI-B, C).
Thus, hepatic ABCA1 and apoE expression levels were not
the key factors behind ERL production.

As shown in Fig. 2H, the protein levels of LDL receptor
decreased in L1l-mice, which would have led to an increase
in plasma apoB100 levels due to the decreased clearance
of LDL particles (supplementary Fig. IIT-C). Furthermore,
the clearance of chylomicron remnants, analyzed by
retinol palmitate test, was also retarded in Ll-mice (sup-
plementary Fig. VII), suggesting the reduced levels of rem-
nant receptors. Thus, it is plausible that the clearance of
ERLs might also be retarded due to the reduced levels of
receptors associated with lipoprotein clearance, which
might contribute to the appearance of ERLs.

Overexpression of NPC1L1 in ApoE-deficient mice

To investigate the role of apoE in the production
of large HDL and elucidate the physiological effect of
ERL, hepatic expression of NPCIL1 was performed in
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apoE-deficient mice. Overexpression of NPC1L1 in apoE-
deficient mice resulted in a significant increase in plasma
free cholesterol (Fig. 3A) and phospholipid levels (data
not shown) as was observed in C57BL/6 mice. FPLC analy-
sis of plasma samples, however, showed a distinct differ-
ence from that found in wild-type mice; large HDL
particles, which corresponded to fractions 36-40, did not
emerge in apoE-deficient mice (Fig. 3B, C), suggesting
that the apoE protein was indispensable for the produc-
tion of apoE-rich large HDL particles found in wild-type
mice. In addition, FPLC analysis revealed that the in-
creased free cholesterol was mainly due to the increased
free cholesterol in VLDL fractions.

The analyses of hepatic lipids in apoE-deficient mice
revealed a significant increase in both free cholesterol
and cholesteryl ester contents with NPCIL1 expression
(Fig. 3D), whereas those increases were not significant in
wild-type mice. In addition, increased plasma glutamic
pyruvic transaminase (GPT) levels and prominent infiltra-
tion of neutrophils in the liver specimens were found
in apoE-deficient mice with NPCIL1 expression (Fig. 3E,
supplementary Fig. VIII), findings not observed in C57BL/6
mice. These results suggested that ERL facilitates the se-
cretion of free cholesterol into the circulation, thereby
reducing the hepatic injury that can result from excessive
accumulation of free cholesterol in the liver.

Decreased VLDL-TG production and MTP expression by
hepatic NPC1L1

As described above, the neutral lipid content of pre-B
lipoproteins was reduced in wild-type mice expressing
NPCI1L1 (Fig. 2E), whereas no reduction in VLDL choles-
terol was observed (Fig. 2C). Thus, we next analyzed the
changes in triglyceride metabolism induced by NPCIL1
expression. As shown in Fig. 4A, plasma triglyceride levels
were decreased in Ll-mice, and FPLC analysis revealed
that this decrease was attributed to areductionin VLDL-TG
contents (Fig. 4B). These triglyceride changes were also ob-
served in apoE-deficient mice (supplementary Fig. IX-A, B).

To illustrate the underlying mechanism behind the
decrease in VLDL-TG levels, a hepatic VLDL-TG produc-
tion assay was performed utilizing tyloxapol, and the re-
duced production of VLDL-TG was confirmed in L1-mice
(Fig. 4C). One of the key molecules involved in the matu-
ration and secretion of VLDL is the microsomal triglycer-
ide transfer protein (MTP); consequently, we analyzed
hepatic MTP expression. Compared with Null-mice with-
out ezetimibe treatment [EZ(—)], the expression of MTP
decreased by 67% in L1-EZ(—), and MTP mRNA levels in
Null-EZ(+) mice were also significantly suppressed (Fig. 4D).
In apoE-deficient mice infected with Ad-L1, hepatic MTP
expression was also suppressed (supplementary Fig. IX-C).
The decreased VLDL-TG secretion might increase hepatic
triglyceride content; however, as shown in Fig. 4F, no
significant difference was observed in this content. Con-
cordant with this observation, the expression of fatty acid
synthase (FAS), an important enzyme for lipogenesis, was
suppressed in L1-mice (Fig. 4E).
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Fig. 3. Indispensable role of apoE protein in the formation of ERLs and the physiological role of ERLs in
hepatic cholesterol contents and injury. Plasma and liver samples of C57BL/6 mice (B6) and apoE-deficient
mice (EKO) were obtained 5 days after administration of Ad-L1 (L1) or Ad-Null (Null) (n = 3-4/each
group). (A) Plasma cholesterol levels. *P < 0.01 and tP<0.05 compared with Null in each group. (B, C)
FPLC total (B) and free (C) cholesterol profiles of pooled plasma samples from EKO. (D) Hepatic choles-
terol contents adjusted with hepatic protein levels. Data were standardized with the total cholesterol level of
B6-Null. #P < 0.01 compared with EKO-Null mice. (E) Plasma GPT levels. *P < 0.05 compared with EKO-

Null.

Another plausible mechanism that affects hepatic VLDL
production is the increment of hepatic endoreticulum
(ER) stress; a previous study indicated that hepatic ER
stress destabilized apoB (23), leading to a decreased he-
patic production of VLDL. Furthermore, loading of free
cholesterol in some cells has been known to evoke ER
stress. However, in our study, examination of X-box bind-

-ing protein-1 (XBP-1) splicing and Grp78 expression,

which should be modulated by hepatic ER stress, did not
show any changes in these markers with NPC1L1 expres-
sion (Fig. 4G, H).

Suppression of hepatic FoxO1 protein levels with hepatic
NPCILI expression

Because previous studies have indicated that hepatic
MTP expression was negatively regulated by SREBP-1,
SREBP-2 (24), and ERK activation (25) and positively reg-
ulated by forkhead box protein O1 (FoxO1) protein (26),
we analyzed these factors. As shown in Fig. bA, B, the
nuclear protein level of SREBP-1 was not altered and that of
SREBP-2 tended to be reduced in L1-mice, and no appre-
ciable difference was observed in the extent of ERK phos-
phorylation between L1-EZ(—) mice and Null-EZ(-) mice.

These results indicated that SREBPs and ERK might not
be involved in the suppression of MTP in Ll-mice. The
levels of ERK phosphorylation tended to increase in mice
treated with ezetimibe, suggesting that ERK activation may
be one of the factors suppressing MTP in mice treated
with ezetimibe. On the other hand, the FoxO1 protein
level was markedly reduced in L1-mice, and this reduction
was partially reversed by ezetimibe treatment (Fig. 5B),
suggesting that decreased VLDL-TG production with
hepatic NPC1L1 expression can be attributed to the sup-
pression of FoxO1 protein levels.

Differential properties of cholesterol derived from bile
or de novo synthesis

As described above, hepatic expression of NPC1L1
resulted in the appearance of ERL and decreased VLDL-TG
production. Next, we investigated whether these metabolic
changes would also be observed in experimental models
of enhanced hepatic de novo cholesterol synthesis by over-
expressing lanosterol synthase (LSS), an enzyme involved in
cholesterol synthesis. Overexpression of LSS increased
hepatic cholesterol ester contents, plasma apoB levels, and
LDL cholesterol levels, accompanied by the decreased

Modulation of lipid metabolism by hepatic NPCI1L1 2281
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LDL receptor levels; however, ERLs were not found and no
changeswere observed in FoxO1 protein levelsand VLDL-TG
production rates (Fig. 6A, B, supplementary Fig. X).

We also examined whether the cholesterol absorbed
through NPC1L1 possessed different properties compared
with that synthesized de novo, utilizing HepG2 cells as in
vitro models. As shown in Fig. 6C, NPC1L1 expression re-
duced FoxOl1 protein levels in HepG2 cells, a result in ac-
cordance with that found in in vivo analysis. To analyze the
effect of de novo synthesized cholesterol, we treated
HepG2 cells with pitavastatin alone (p-Hep) or with pi-
tavastatin together with mevalonate (m-Hep). As shown in
Fig. 6D, E, m-Hep accumulated more cholesterol in the
cells than p-Hep; however, no difference was observed in
FoxO1 protein levels between p-Hep and m-Hep. These

2282  Journal of Lipid Research Volume 53, 2012

results suggested that cholesterol absorbed by NPCI1L1
possessed distinct physiological properties from that de-
rived from de novo synthesis.

DISCUSSION

In this study, we investigated the effects of hepatic
NPCI1L1 expression on lipoprotein metabolism and ana-
lyzed the difference in effects between cholesterol ab-
sorbed from the bile and cholesterol synthesized de novo.
A previous study utilizing liver-specific NPC1L1 transgenic
mice proved that hepatic NPC1L1 played a role in the
absorption of cholesterol from the bile (12); however, inbred
expression of NPCIL1 might provoke secondary modifi-
cations in the regulation of several genes to maintain
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homeostasis, thereby obscuring the direct effects of
NPC1L1 expression. Thus, in this study, utilizing an adeno-
viral vector, we adventitiously expressed NPC1LI1 in mice
liver to elucidate the genuine effects caused by hepatic
NPCI1L1 expression. As shown in the results, the NPCIL1
protein expressed with adenoviral vector was localized on
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the side of the bile duct canaliculi, leading to the reduced
cholesterol contents in the bile. With this model, we found
two notable metabolic changes: the appearance of ERL in
the plasma and the decrement in VLDL-TG levels.

ERLs, with particle sizes between those of LDL and
HDL, would be classified as large HDL based on their mo-
bility on agarose electrophoresis and the lack of apoB pro-
tein in the particles. Treatment with ezetimibe reduced
the amount of ERLs, and the expression of LSS, an en-
zyme that increased cellular cholesterol content through a
mechanism other than NPCI1LI1, did not result in the
emergence of ERLs. These results indicated that hepatic
NPCIL1 expression and subsequent uptake of cholesterol
from the bile were essential in the appearance of ERLs.
The selective uptake of free cholesterol by NPC1L1 (27)
would have conferred these ERLs a unique property that
they were rich in free cholesterol; this property would have
been augmented by the inefficient lecithin-cholesterol
acyltransferase (LCAT) function on these ERLs due to
their little abundance of apolipoprotein A-I, an activator
of LCAT. Furthermore, NPC1L1 expression in apoE-deficient
mice did not culminate in the appearance of large HDL,
suggesting that apoE protein was indispensible in the
formation of ERLs. Neither the upregulation of ABCA1
protein levels, which was assumed to be responsible for the
appearance of ERLs in high-cholesterol-fed NPC1L1 trans-
genic mice (12), nor the increased apoE expression were
observed in our NPCIL1 overexpressed mice. There
remains a possibility that some other factors might have

Total Cholesterol

@~ Nul} «O-188

Fraction Number

P<0.05
2.0
1.5
1.0
0.5
0 p-Hep m-Hep

Fig. 6. The physiological consequences induced by LSS overexpression in vivo and in vitro differed from
those induced by NPC1L1 overexpression. (A, B) Liver and plasma samples of C57BL/6 mice were obtained
5 days after administration of Ad-LSS (LSS) or Ad-Null (Null) (n = 3/each group). (A) Hepatic whole pro-
teins were subjected to Western blot analyses for LSS, LDL receptor, and FoxO1 proteins. As a control, -
actin was used. (B) FPLC cholesterol profile of pooled plasma samples. (C) HepG2 cells, infected with Ad-L1
(L1) or Ad-Null (Null), were treated with bile micelles, and FoxO1 protein level was determined (n = 3). As
a control, B-actin was used. (D, E) HepG2 cells were treated with pitavastatin alone (p-Hep) or with both
pitavastatin and mevalonate (m-Hep) for 24 h (n = 3). (D) FoxO1 protein levels. (E) The cellular cholesterol

contents adjusted by cellular protein levels.
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contributed to the formation or the appearance of ERLs.
For example, the clearance of ERLs might be retarded,
considering the decreased protein level of LDL receptor
and the decreased chylomicron clearance; or, the activi-
ties of lipases might be modulated, resulting in the in-
creased plasma ERL levels. However, in light of the findings
that the free cholesterol content of ERLs was much higher
on day 3 (supplementary Fig. XI) than on day 5 and that
ERLs were produced by HepG2 cells overexpressing
NPCILI, it can be speculated that ERLs were formed as a
direct consequence of the increased cholesterol uptake
from the bile.

ERLs are usually not detected in the plasma of normal
humans who express NPC1L1 in the liver. However, ex-
pression of NPCILI in mice liver resulted in the emer-
gence of these unique lipoproteins. The possible explanation
for the appearance of ERLs in Ll-mice may be that the
mice are deficient in cholesteryl ester transfer protein
(CETP). In fact, it was reported that subjects with CETP
deficiency have apoF-rich HDL (28) and that pharmaco-
logical inhibition of CETP resulted in the increment of
plasma apoE levels, especially in HDL fractions (29). Fur-
thermore, expression of CETP in SR-BI-deficient mice, the
animal model which possesses ERLs in the plasma, re-
sulted in the reduction of ERL levels (30, 31). Of course,
the extent to which hepatic ERL production contributes
to the increase of apoE-rich HDL under CETP inhibition
is still unclear; further analyses are awaited to clarify the
association of CETP and the appearance of ERLs.

ApoE-deficient mice, which did not produce ERLs due
to the lack of apoE, manifested hepatic injury upon
NPCIL1 expression. Thus, one of the physiological roles
of ERLs is to ameliorate hepatic injury that results from
excessive free cholesterol taken up by the bile. In addition,
as demonstrated in previous reports, HDLs abundant in
apokE, regardless of its isoform, facilitated reverse choles-
terol transport, thereby possibly exerting an antiathero-
genic function (32, 33). Future investigations are necessary
to test whether the ERLs produced directly from the liver
possess antiatherogenic functions should CETP inhibitors
become promising antidyslipidemic agents (34, 35).

The other consequence of hepatic NPCIL1 expression
on lipid metabolism was the drop in plasma triglyceride
levels due to the suppression of VLDL-TG production.
This decrease in VLDL-TG production was, at least in part,
attributed to the reduced expression of MTP, and the
decreased MTP expression was assumed to be the conse-
quence of the reduction in FoxO1 protein levels. Because
FoxO1 protein is a transcriptional factor that plays an
important role not only in lipid metabolism but also in
glucose metabolism (26, 36, 37), further investigation on
glucose metabolism in our present model might be
fascinating.

The expression of NPC1L1 in the liver facilitates choles-
terol uptake from the bile, whereas ezetimibe treatment
inhibits cholesterol uptake from the bile. Thus, our obser-
vation of plasma triglycerides levels in L1-mice appears to
be inconsistent with the previous reports demonstrating
that administration of ezetimibe ameliorated triglyceride

2284 Journal of Lipid Research Volume 53, 2012

metabolism in rats (38) and decreased plasma TG levels in
humans (3, 5, 6). A probable explanation for this discrep-
ancy is that the levels of hepatic NPC1L1 expression in our
model were so high that the delicate physiological balance
between hepatic and intestinal NPC1L1 functions had
been disturbed. In fact, as shown in Fig. 4D, ezetimibe
treatment in Null-mice did decrease hepatic MTP expres-
sion. Taking account of these results and speculations,
selective inhibition of intestinal NPCIL1 might be more
beneficial in reducing plasma TG levels.

Through this study, we found that, depending on its
source of origin, cholesterol exerts a differential effect on
the intracellular metabolism. Both the NPCILI expres-
sion and LSS expression resulted in increased intracellu-
lar cholesterol levels; however, the former resulted in the
plasma appearance of ERLs and suppression of FoxOl,
while the latter did not. One possible explanation for this
difference is the different localization of cholesterol origi-
nating from different sources: cholesterol taken up by
NPCIL1 is delivered to the early endosome after being
incorporated to the plasma membrane, whereas cholesterol
synthesized de novo is localized on the ER membrane. It is
easy to speculate that this different localization of choles-
terol in the cellular organelle induces the subsequent dif-
ferential physiological effect, thereby affecting the plasma
lipoprotein metabolism. Considering that cholesterol in
apoB-containing lipoproteins is taken up through lipopro-
tein receptors and undergoes lysosomal processing, it is
possible that cholesterol derived from lipoproteins may
possess unique properties. Future investigation of the in-
tracellular transport pathways of cholesterol derived from
different sources and their metabolic effects would enrich
our understanding of the hepatic cholesterol metabolism
and perhaps culminate in the development of a better
treatment strategy for dyslipidemia and atherosclerosis.

In summary, the hepatic expression of NPC1L1 in mice
resulted in the plasma appearance of ERLs and the decre-
ment of VLDL-TG secreted from the liver. These findings
were not found in mice with increased hepatic de novo
cholesterol synthesis, suggesting that cholesterol, depend-
ing on its source, exerted distinct properties in cellular
and plasma lipid metabolism ER
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WicroRNA-140 Acts as a Liver Tumor Suppressor
by Controlling NF-xB Activity by Directly Targeting
DNa Methyltransferase 1 (Dnmtl) Expression

Akemi Takata," Motoyuki Otsuka," Takeshi Yoshikawa," Takahiro Kishikawa,' Yohko Hikiba,*
Shuntaro Obi,® Tadashi Goto,' Young Jun szg,4 Shin Maeda,’ Haruhiko Yoshida,’
Masao Omata," Hiroshi Asahara,>®” and Kazuhiko Koike'

MicroRNAs (miRNAs) are small RNAs that regulate the expression of specific target genes.
While deregulated miRNA expression levels have been detected in many tumors, whether
miRNA functional impairment is also involved in carcinogenesis remains unknown. We
investigated whether deregulation of miRINA machinery components and subsequent func-
tional impairment of miRNAs are involved in hepatocarcinogenesis. Among miRNA-
containing ribonucleoprotein complex components, reduced expression of DDX20 was fre-
quently observed in human hepatocellular carcinomas, in which enhanced nuclear factor-
kB (NF-kB) activity is believed to be closely linked to carcinogenesis. Because DDX20 nor-
mally suppresses NF-kB activity by preferentially regulating the function of the NF-«B-sup-
pressing miRNA-140, we hypothesized that impairment of miRINA-140 function may be
involved in hepatocarcinogenesis. DNA methyltransferase 1 (Dnmtl) was identified as a
direct target of miRNA-140, and increased Dnmtl expression in DDX20-deficient cells
hypermethylated the promoters of metallothionein genes, resulting in decreased metallo-
thionein expression leading to enhanced NF-xB activity. MiRNA-140-knockout mice were
prone to hepatocarcinogenesis and had a phenotype similar to that of DDX20 deficiency,
suggesting that miRNA-140 plays a central role in DDX20 deficiency-related pathogenesis.
Conclusion: These results indicate that miRINA-140 acts as a liver tumor suppressor, and
that impairment of miRNA-140 function due to a deficiency of DDX20, a miRNA machin-
ery component, could fead to hepatocarcinogenesis. (Hersrorocy 2013;57:162-170)

Nuclear factor-xB (NF-xB) is one of the best-character-
ized intracellular signaling pathways. Its activation is a

epatocellular carcinoma (HCC) is the third
most common cause of cancer-related mortal-

ity worldwide." Although multiple major risk
factors have been identified, such as infection with hep-
atitis viruses B or C, the molecular mechanisms under-
lying HCC development remain poorly understood,
hindering the development of novel therapeutic
approaches. Therefore, a better understanding of the
molecular pathways involved in hepatocarcinogenesis is
critical for the development of new therapeutic options.

common feature of human HCC.>* It acts as an inhibitor
of apoptosis and as a tumor promoter™ and is associated
with the acquisition of a transformed phenotype during
hepatocarcinogenesis.6 In fact, studies using patient sam-
ples suggest that NF-xB activation in the liver leads to the
development of HCC.” Although there are conflicting
reports,” activation of the NF-kB pathway in the liver is
crucial for the initiation and promotion of HCC.*

Abbreviations: DEN, diethylnitrosamine; Dumtl, DNA methylpransferase 1; HCC, hepatocellular carcinoma; miRNA; microRNA; miRNE miRNA-containing
ribonucleoprotein; MT, metallothionein; NF-xB, nuclear factor-xB; RT-PCR, reverse-transcription polymerase chain reaction; TNF-u, tumor necrosis factor-o;

TRAIL, TNF-related apoptosis-inducing ligand; UTR, untranslated region.
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MicroRNAs (miRNAs) are small RNA molecules that
regulate the expression of target genes and are involved
in various biological functions.”'? Although specific
miRNAs can function as either suppressors or onco-
genes in tumor development, a general reduction in
miRNA expression is commonly observed in human
cancers.'®?* In this context, it can be hypothesized that
deregulation of the machinery components involved in
miRNA function may be related to the functional
impairment of miRNAs and the pathogenesis of
carcinogenesis.

In this study, we show that the expression of
DDX20, an miRNA-containing ribonucleoprotein
(miRNP) component, is frequently decreased in human
HCC. Because DDX20 is required for both the prefer-
ential loading of miRNA-140 into the RNA-induced
silencing complex and its function,” we hypothesized
that DDX20 deficiency would lead to hepatocarcino-
genesis via impaired miRNA-140 function. MiRNA-
140 knockout mice were indeed more prone to hepato-
carcinogenesis, and we identified a possible molecular
pathway from DDX20 deficiency to liver cancer.

Materials and Methods

Mouse and Liver Tumor Induction. MiRNA-
140"~ mice have been described.?* Recombinant mu-
rine tumor necrosis factor-o (TNF-o) (25 pg/ke;
Wako, Osaka, Japan) was injected into the tail vein,
and the mice were sacrificed 1 hour later. To induce
liver tumors, 15-day-old mice received an intraperito-
neal injection of diethylnitrosamine (DEN) (25 mg/kg
body weight), and were sacrificed 32 weeks later. All
animal experiments were performed in compliance
with the regulations of the Animal Use Committee of
the University of Tokyo and the Institute for Adult
Disease, Asahi Life Foundation.

Plasmids. FLAG-tagged human DDX20-expressing
plasmids were as described.”® The pGL3-based reporter
plasmid containing Dnmtl 3' untranslated region
(UTR) sequences was provided by G. Marucucci.”’

Detailed Materials and Methods. The detailed ex-
perimental procedures of clinical samples, cells, plas-
mids, reporter assays, reverse-transcription polymerase
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Table 1. Cases with Differential Expression Levels of miRNP
Components in HCC (n = 10)

Gene ID Gene Symbol Decreased Increased No Change
23405 Dicerl 2 1 7
27161 EIF2C2 (AGO2) 1 1 8
6895 TARBP2(TRBP2) 2 0 8
11218 DDX20 (GEMIN3) 8 0 2
50628 GEMIN4 1 0 9

The expression levels of each miRNP component were determined via
immunohistochemistry.

The numbers indicate the number of cases that had the differential expres-
sion levels (decreased, increased, or no change) in HCC tissues compared with
those in surrounding liver tissues.

chain reaction (RT-PCR) analysis, antibodies, western
blotting, cell assays, immunohistochemistry, microarray
analysis, methylation analysis, and electrophoretic mo-
bility-shift assay are described in the Supporting
Information.

Statistical Analysis. Statistically significant differen-
ces between groups were determined using a Wilcoxon
rank-sum test. A Wilcoxon signed-rank test was used
for statistical comparisons of protein expression levels
between HCC and surrounding noncancerous tissues.

Resuits

DDX20 Expression Is Frequently Decreased in
HCC. The expression levels of proteins reported to be
miRNP components (Dicer, Ago2, TRBP2, DDX20
[also known as Gemin3], and Gemin4)?® were initially
determined via immunohistochemistry in HCC and
noncancerous background  liver from 10
patients. DDX20 expression was lower in HCC dssue
compared with the surrounding noncancerous tissue in
8 of 10 cases, whereas expression of the other genes
was unchanged (Table 1 and Supporting Fig. 1).
Therefore, and because DDX20 was recently identified
as a possible liver tumor suppressor in mice,”’
determined its role as a human HCC suppressor.

DDX20 protein expression was lower in several
HCC cell lines, such as Huh7 and Hep3B (Fig. 1A),
compared with normal hepatocytes. DDX20 protein
levels were also lower in human HCC needle biopsy
specimens than in surrounding noncancerous liver
tssue  (Fig. 1B). Immunohistochemical analysis

tissues

we
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Fig. 1. Reduced DDX20 expression levels in hepatocellular carcinoma.
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(A) DDX20 protein expression in HCC cell lines. Numbers between the

panels indicate DDX20 protein levels normalized to f-actin levels. Lysates of 2937 cells transiently transfected with a FLAG-tagged DDX20-
expressing plasmid yielded two DDX20 bands corresponding to the endogenous DDX20 protein and the transfected FLAG-tagged DDX20 protein
(*) as a positive control (p.c.; far right lane). Data represent the results of three independent determinations. (B) DDX20 protein expression in
four HCC needle biopsy specimens and in the surrounding noncancerous background liver tissue (Back). *Positive control. (C) Immunohistochem-
ical analysis of DDX20 protein expression in HCC and surrounding tissues (background liver). Two representative cases are shown. Scale bars,
500 um. The lower panels display magnified images of the boxed areas in the upper panels. (D) Grid summarizing DDX20 immunohistochemical
staining data from 70 cases. In 47 cases (pink shading), DDX20 protein levels were lower in the HCC tissues than in the surrounding tissues

(P < 0.05; Wilcoxon signed-rank test).

confirmed that DDX20 expression was frequently
lower in HCC than in surrounding noncancerous liver
tissue (Fig. 1C,D). Specifically, 47 of 70 cases exam-
ined showed reduced DDX20 protein expression in
HCC versus background noncancerous liver tissue
(Fig. 1D and Supporting Table 1). These results indi-
cate that the expression of DDX20, an miRNP com-
ponent, is frequentdy reduced in human HCC, and
suggest that this reduced DDX20 expression might be
involved in the pathogenesis of a subset of HCC cases.

NF-xB Activity Is Enhanced by DDX20 Deficiency.
DDX20 knockout mice are embryonic-
lethal,?® DDX20 has been suggested to have important
biological roles. DDX20, a DEAD-box protein,™ was
originally found to interact with survival motor neuron
protein.”® Later, it was identified as a major compo-
nent of miRNPs,>" which may mediate miRNA func-
tion. As we have reported, DDX20 is preferentially
involved in miRNA-140-3p function,” acting as a
suppressor of NF-xB activity in the liver.”> DDX20-
knockdown PLC/PRE/5 cells exhibit enhanced NF-xB
ac{ivity23 (Fig. 2A). Whereas the proliferation rates of
DDX20-knockdown cells and control cells were com-
parable (Fig. 2B), apoptotic cell death after stimulation
with TNF-related apoptosis-inducing ligand (TRAIL),

Because

which induces both cell apoptosis and NF-xB activa-
tion,” was significantly reduced in DDX20-knock-
down cells (Fig. 2C). Similar results were obtained
using DDX20-knockdown HepG2 cells (Supporting
Fig. 2A-D). Conversely, NF-kB activity was reduced,
but cell proliferation remained unchanged, in Hep3B
cells stably overexpressing DDX20 (Fig. 2D,E). Sensi-
tivity to TRAIL-induced apoptosis was restored in
these cells (Fig. 2F). Similar results were also obtained
using Huh7 cells (Supporting Fig. 2E-H). These data
confirm a previous report that DDX20 deficiency
enhances NF-xB activity and the downstream events
of this pathway.

Metallothionein Expression Is Decreased by
DDX20 Deficiency. Next, to investigate the biological
consequences of DDX20 deficiency, we examined the
changes in transcript levels in DDX20-knockdown
cells using microarrays (GEO accession number:
GSE28088). The expression of genes driven by NF-xB
that are related to carcinogenesis, such as FASLG,
IRAKI, CARD?Y, and Galectin-1, were enhanced sig-
nificantly in DDX20-knockdown cells, as expected
(Table 2). To determine the mechanism underlying the
enhanced NF-kB acrtivation in DDX20-deficient cells,
we searched for candidate genes and noticed that the
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