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Novel Function of Niemann-Pick C1-Like 1 as a
Negative Regulator of Niemann-Pick C2 Protein

Yoshihide Yamanashi,"* Tappei Takada," Jun-Ichi Shoda,> and Hiroshi Suzuki'

The hepatic expression of Niemann-Pick Ci-like 1 (NPC1L1), which is a key molecule in
intestinal cholesterol absorption, is high in humans. In addition to NPCI1L1, Niemann-
Pick C2 (NPC2), a secretory cholesterol-binding protein involved in intracellular choles-
terol trafficking and the stimulation of biliary cholesterol secretion, is also expressed in the-
liver. In this study, we examined the molecular interaction and functional association
between NPC1L1 and NPC2. In vitro studies with adenovirus-based or plasmid-mediated
gene transfer systems revealed that NPC1L1 negatively regulated the protein expression
and secretion of NPC2 without affecting the level of NPC2 messenger RNA. Experiments
with small interfering RNA against NPCIL1 confirmed the endogenous association of
these proteins. In addition, endocytosed NPC2 could compensate for the reduction of
NPC2 in NPC1L1-overexpressing cells, and this demonstrated that the posttranscriptional
regulation of NPC2 was dependent on a novel ability of NPCIL1 to inhibit the matura-
tion NPC2 and accelerate the degradation of NPC2 during its maturation. Furthermore,
to confirm the physiological relevance of NPC1L1-mediated regulation, we analyzed
human liver specimens and found a negative correlation between the protein levels of he-
patic NPC1L1 and hepatic NPC2. Conclusion: NPC1L1 down-regulates the expression
and secretion of NPC2 by inhibiting its maturation and accelerating its degradation.
NPC2 functions as a regulator of intracellular cholesterol trafficking and biliary choles-
terol secretion; therefore, in addition to its role in cholesterol re-uptake from the bile by’
hepatocytes, hepatic NPC1L1 may control cholesterol homeostasis via the down-regula-
tion of NPC2. (HeratorLocy 2011;00:000-000)

iemann-Pick Cl-like 1 (NPCIL1) is a key
protein involved' intestinal cholesterol
absorptlon “In most‘

(where dietary cholesterol is absorbed)."?? In
humans, it has been reported thac NPCIL1 is highly

expressed in the liver, in addition to the intestine.

ammal;; speues,ff
NPCI1L1 is highly expressed in the proximal intestine -

In vivo studies of mice expressing human NPCILI
from a liver-specific promoter have revealed that

"hepatxc NPCI1L1 may be involved in cholesterol reab-

sorption from the bile by hepatocytes.® On the basis
of these findings, NPC1L1 is believed to play critical
roles in cholesterol uptake in the intestine and in
re-uptake in the liver.

Abbreviations: ABC, adenosine triphosphate—binding cas:

; Ad-GFR green fluorescent prosein—espressing adenovirus; Ad-NPCILI, Niemann-Pick CI-like

I-expressing adenovirus; Ad-NPCILI-HA, Niemann-Pick Cl-like 1/HA-expressing adenovirus; Ad-NPC2-Myc-His, Niemann-Pick C2/Myc-His—expressing
adenovirus; CHO-K1, Chinese hamster ovary K1; Endo H, endoglycosidase H; ER, endoplasmic veticulum; GM2AR GM?2 ganglioside activator provein; HMW,
bigher molecular  weight; IB,  immunoblot; IR immunoprecipitate; LMW, lower  molecular weight;  LXR, liver X recepto; MGI32, N-
(benzyloxycarbonyDleucinyllecinyllencinal; MO, multiplicity of infection; mRINA, messenger RNA; NgBR, Nogo-B receptor; NPC, Niemann-Pick C; NPCILI,
Niemann-Pick Cl-like 1; NS, not significant; PCR, polymerase chain reaction; PNGase E peptide N-glycosidase F; R, Spearman’s rank correlation coefficient;
siControl, control small interfering RNA; siNPCILI, small interfering RNA targeted against Niemann-Pick Cl-like 1; WT, wild type.
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NPCILI was originally identified as a homolog of
Niemann-Pick C1 (NPC1)’; mutations of the latter

tesult in the acquisition of NPC disease, which is a-

neurovisceral disorder characterized by an accumula-
tion of free cholesterol within endosomes and lyso-
somes.>’ In addition to mutations in the NPCI gene,
mutations in the NPC2 gene also cause an accumula-
tion of cholesterol in late endosomes and lysosomes
and can result in the development of NPC disease in
some patients.'"” NPC2 is a small secretory protein
that is widely expressed in the body and specifically
binds unesterified sterols with nanomolar affinity."!
Recent studies have revealed that NPC2 can transfer
its bound cholestero] to NPC1 in late endosomes and
lysosomes  to  facilitate intracellular  cholesterol
trafficking.'>"? ‘

In addition to its role as a regulator of intracellular

_ cholesterol trafficking, NPC2 may contribute to

whole-body cholesterol homeostasis. Klein et al.'

found that NPC2 is expressed in the liver and secreted
into the bile in both mice and humans. Moreover, in a
recent study,’> we found that biliary NPC2 positively

regulates biliary cholesterol secretion by stimulating -
cholesterol efflux, which is mediated by a heterodimer -

of adenosine wiphosphate-binding cassette G5
(ABCG5) and ABCGS8, a cholesterol exporter
expressed in the liver.'® Physiologically, the amount of

cholesterol secreted into the bile each day is similar to

the amounts synthesized in the liver and absorbed
from the intestine,'” and this suggests the importance
of biliary cholesterol in cholesterol homeostasis.
biliary secretion of NPC2 is, therefore, thought~;

important in the maintenance of the whole-body cho-

lesterol level.

Although it has been shown that NPC2 cooperates
with NPC1'*'? and ABCG5/ABCGS,'” the functional
interaction between NPCIL1 and NPC2 has not yet
been clarified. Although it has been demonstrated that
secreted NPC2 has little effect on NPC1L1-mediated
cholesterol uptake,'>'®  considering the fact that
NPCIL1 is expressed in intracellular compartments

besides the plasma membrane,® we have hypothesized
p yp

that there may be an intracellular interaction between
NPCI1L1 and NPC2.

In this article, we show that NPC1L1 interacts with
NPC2 during the maturation of NPC2. In addition;
the results of in vitro assays with NPC1L1-overexpress-
ing cells or cells in which NPC1L1 was knocked down

~ with small interfering RNA as well as analyses with

human liver specimens indicate that NPCILI down-
regulates the protein expression and secretion of
NPC2 by inhibiting its maturation and by accelerating
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its degradation during the maturation process. These
findings demonstrate a novel function of NPCI1L1 as a
negative regulator of NPC2 in addition to its role as a
cholesterol (re-)uptake transporter.

Materials and Methods

Construction of Expression Vectors and Recombi-
nant Adenoviruses. The human NPCIL1-HA vector
was constructed as reported previously.>'*?° The
human NPC2-Myc-His vector and the human GM2
ganglioside activator protein (GM2AP)-Myc—His vec-
tor were constructed as described in the supporting
information.

Recombinant adenoviruses expressing each comple-
mentary DNA [Niemann-Pick Cl-like 1-expressing

“adenovirus (Ad-NPC1L1), Niemann-Pick Cl-like 1/
HA~expressing adenovirus (Ad-NPCIL1-HA), and
Niemann-Pick  C2/Myc-His—expressing  adenovirus
(Ad-NPC2-Myc-His)] were prepared with the Adeno-
X Tet-Off 1 expressing system (Takara Bio, Inc., Shiga,
Japan) according to the manufacturer’s instructions
and were purified by cesium chloride gradient centrifu-
gation. A tetracycline-responsive transcriptional activa-
tor—expressing adenovirus and a green fluorescent pro-
tein—expressing adenovirus (Ad-GFP)*' were purified
with the same method. The titer of each purified virus
(plaque-forming units per milliliter) was determined

AQ5

AQ4

with the Adeno-X rapid titer kit (Takara Bio), and the

multiplicity of infection (MOI) was determined by the
: ,tér to the cell count in

each experiment. - A B
-~ Immunoblot Ana{yses Immunobloc analyses were
performed as described in the supporting information.

Metabolic Labeling of NPC2. Chinese hamster

ovary K1 (CHO-K1) cells infected with the indicated -

adenoviruses were first incubated in methionine/cyste-
ine-free minimal essential medium (Invitrogen Life
Technologies, Carlsbad, CA) for 30 minutes. The cells
" were then incubated in a labeling medium containing
a 100 mCi/mL [*°S]methionine/cysteine cell labeling
mix (PerkinElmer, Waltham, MA) and were collected
at the indicated times. The cells were lysed with a ra-
dio immunoprecipitation assay buffer (0.1% sodium
dodecyl sulfate, 0.5% deoxycholate, and 1% Nonidet
P-40) and immunoprecipitated with 1 ug of a mouse
anti-Myc antibody (Roche Applied Science, Indianapo-
lis, IN), as described in the supporting information.
The immunoprecipitates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
and exposed to a super-resolution phosphor imager
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(PerkinElmer). The radioactivity was detected with a
Cyclone phosphor imager (Packard, Haverhill, MA).

Quantitative Real-Time Polymerase Chain Reac-
tion (PCR). To determine the messenger RNA
(mRNA) levels of NPC2 and NPCIL1, quantitative
real-time PCR was performed as described in the sup-
porting information.

Immunobhistochemical Staining. Immunohisto-
chemical staining with HepG2 cells was performed as
described in the supporting information.

Cholesterol Staining. For the detection of free in-
wracellular cholesterol, cells were fixed with 4% para-
formaldehyde and stained with filipin according to the
manufacturer’s instructions (Cayman Chemicals). The
relative intensity of filipin staining in intracellular

- compartments was quantified by the division of the in-

F1

tensity above the low threshold by the number of total
pixels.”>*3

Collection of Human Liver Specimens. All experi-
ments involving human specimens were conducted
according to a study protocol approved by the institu-
tional review board of the University of Tokyo and
Tsukuba University after informed consent was
obtained from all subjects. Tumor tissue and surround-
ing tissue appearing to be -grossly normal were
obtained from nine liver cancer patients upon surgical
resection.. The tumor-adjacent normal tissue specimens
were used for immunoblot analyses to determine the
protein levels of NPCIL1 and NPC2 and for quanti-
tative real-time PCR to determine the mRNA levels of
these genes. : _

Results

NPC2 Coimmunoprecipitates With NPCILI. To
examine the interaction between NPCI1L1 and NPC2,
we performed a coimmunoprecipitation assay. As
shown in Fig. 1, NPC2 in the total cell lysate was
detected at approximately 20 to 26 kDa, as reported
previously.24 The lower molecular weight (LMW)
form of NPC2 (20 kDa) coimmunoprecipitated with
NPCIL1 (HA, Fig. 1). Conversely, NPC1L1 coimmu-
noprecipitated with NPC2 (Myc, Fig. 1). These results
suggest that NPC1L1 can interact with LMW NPC2.

NPCILI Down-Regulates the Protein Expression
of NPC2. The expression of NPC2 and particularly its
higher molecular weight (HMW) forms, which are
detected at approximately 26 kDa,** was markedly
reduced by the coexpression of NPCIL1 in adenovi-
rus-based experiments (input, Fig. 1). This reduction
in the NPC2 protein level was also observed in plas-

F2 mid-based experiments (lanes 2 and 3, Fig. 2A),
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Lane No. | 1 2 31 4
NPCALA-HA | + | — | * | —~

NPC2-MycHis } * | + | — | —
Input (Total lysate)

NPC1L1 175

26...1*’” s | Yot HMW
(g T et LMW

i 1P: HA {(NPC1LY) l

NPC2

Fig. 1. Molecular association between NPCIL1 and NPC2. CHO-K1

~cells were infected with Ad-NPC2-Myc-His, Ad-NPC1L1-HA, and Ad-

GFP (the control) at 5 MOL. Twenty-four hours after infection, the cells
were harvested, and a coimmunoptecipitation assay was performed as

- described in the supporting information. Anti-HA IPs, anti-Myc IPs, and
‘the ‘total lysate (the input) were subjected to IB analysis with an

anti-HA antibody (to detect NPC1L1-HA) and an anti-His antibody
(to detect NPC2-Myc-His). Abbreviations: IB, . immunoblot; 1P
immunoprecipitate.

although:the expression level of NPC2" mRNA was not

- altered by the coexpression of NPCIL1 (Fig. 2B).

- Because the expression of endogenous NPC1, endoge-

nous cathepsin D (Fig. 2A), and exogenous GM2AP
(Supporting Fig. 1), which are also lysosomal proteins,
was hardly affected by the coexpression of NPCI1L1,
the reduction in the NPC2 protein level did not likely
result from a nonspecific effect of NPCIL1 on lysoso-
mal protein expression.

Maturation and Secretion of NPC2 Protein Are
Inbibited by the Coexpression of NPCILI. A detailed
analysis of the molecular association between NPC1L1
and NPC2 was performed. As shown in Fig. 2C, the
expression of intracellular HMW NPC2 was dramati-
cally reduced as the expression of NPCILI increased.
In addition, the ratio of cellular LMW NPC2 to cellu-
lar HMW NPC2 was elevated by the increase in the
expression of NPCIL1. Furthermore, because it had
been reported that NPC2 is secreted extracellu-
larly,>** we also analyzed the effect of NPCILI on
NPC2 secretion. As shown in Fig. 2C, the amount of
NPC2 secreted into media was decreased by NPCIL1
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Fig. 2. Effect of NPC1L1 on the expression of NPC2. (A) CHO-K1 cells were transfected with the indicated vectors or an empty control vetor.
Twenty-four hours after transfection, the cells were harvested and subjected to an immunoblot analysis. (B) The mRNA levels of NPC2 in CHO-K1
- cells that were cuftured for 24 hours after transient transfection with the NPG2-Myc-His vector and either the NPC1L1-HA vector or an empty con-
trol vector were determined with quantitative real-time PCR. The relative mRNA level of NPC2 in each cell was normalized to the level of f-actin.
mRNA. The columns and vertical bars represent the means and standard deviations of three determinations. (C) CHO-K1 cells were infected with
Ad-NPC1L1 at the indicated MOI together with Ad-NPC2-Myc-His at 5 MOI. Twenty-four hours after infection, the total cell lysate and the concen-
trated media were subjected to an immunoblot analysis. Ad-GFP was used to equalize the total amount of the infected adenovirus. (D). The
aforementioned total cell lysate and concentrated media were deglycosylated with either Endo H or PNGase F (see the supporting information).
The deglycosylated and undigested proteins were subjected to immunoblot analyses. (E) CHO-K1 cells were infected with Ad-NPC1L1 or Ad-GFP
(the control) at 10 MOI together with Ad-NPC2-Myc-His at 5 MOI. Twenty-four hours after infection, 33S-labeling was performed for the indicated
times. The **S-labeled NPC2 protein was detected with a phosphor imager. The lower panels show the ratio of the 2°S-labeled HMW NPC2 radio-
activity to the total 355 labeled NPC2 radioactivity. The data points and bars represent the means and standard deviations of three specimens
on different images. Abbreviation: NS, not significant.
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overexpression, and this was consistent with the
decrease in the intracellular NPC2 protein level.

A glycosidase digestion assay was performed next.
After digestion with endoglycosidase H (Endo H;
upper panels, Fig. 2D) or peptide . N-glycosidase F
(PNGase F; lower panels, Fig. 2D), intracellular
NPC2 was detected at 18 kDa, which corresponded to

the nonglycosylated form of the protein. This result
suggests that HMW NPC2 and LMW NPC2 are gly-

cosylation variants. In addition, the secretion of
maturely glycosylated HMW NPC2, which . corre-
sponded to a 23-kDa band after digestion with Endo
H, was concomitantly reduced with the increase: in
NPCILI expression (upper panels, Fig. 2D). These
results raise the possibility that NPC1L1 inhibits the
maturation of NPC2.

To test this hypothesis, we characterized NPC2 mat-
uration over time with a [355]methxonmc/cysteme
pulse-chase experiment. In control cells, the amounts

of both cellular and secreted **S-labeled HMW NPC2

increased in a time-dependent manner (upper panels,
Fig. 2E). However, in NPCI1LI-overexpressing cells,
licle cellular or secreted 3°S-labeled HMW
NPC2 was detected, whereas the amount of *>S-la-

beled LMW NPC2 increased in a time-dependent -

manner (upper panels, Fig. 2E). Furthermore, the ratio
of the cellular amount of **S-labeled HMW NPC2 to
the amount of total *°S-labeled NPC2 (HMW . +
LMW) increased time-dependently in control cells,
whereas this ratio did not change in NPCIL]—overex—
pressing cells (lower panels, Fig. 2
support the hypothesis that NPC11
uration of NPC2 from LMW forms to HIMW
NPCILI Interacts With NPC2 in Prelysosomal
Compartments. To clarify the cellular compartment in
which the interaction between NPCIL1 and NPC2
occurs, we performed immunohistochemical staining
for markers of various organelles. As shown in Fig. 3,
NPC2 was localized in vesicle-like structures that were
partially costained for the lysosomal marker cathepsin
D (Fig. 3A) but not for the endoplasmic reticulum
(ER) marker calnexin (Fig. 3B). However, in agree-
ment with the results of the immunoblot analyses
(Figs. 1 and 2A), when NPCIL1 was overexpressed,
the expression of NPC2 protein was reduced, and
minimal staining of NPC2 was observed (Fig. 3C).
Because treatment with N-(benzyloxycarbonyl)leuci-

’ nylleucinylleucinal (MG132), a proteasome inhibitor,

could inhibit the degradation of NPC2 and increase

- LMW NPC2 even when NPCIL1 was overexpressed

(Supporting Fig. 2), immunohistochemical staining
was performed in the presence of MG132. Figure 3D
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shows that MG132-sensitive NPC2 was colocalized
with NPC1L1 in intracellular compartments that were
partially costained for calnexin (Fig. 3E) but not ca-
thepsin D (Fig. 3F). The observation that NPCIL1
could be coimmunoprecipitated with LMW NPC2
(Fig. 1) and the observation that most of the MG132-
sensitive NPC2 was LMW NPC2 (Supporting Fig. 2)
suggest that NPCI1L1 interacts with LMW NPC2 in
prelysosomal compartments, including the ER.

" Degradation of NPC2 Is Accelerated in the Pres-
ence of NPCILI, Because NPCIL1 reduces the
expression of NPC2 protein, it was hypothesized that
the degradation of NPC2 protein is accelerated by
NPCILI. To test this hypothesis, we analyzed the deg-
radation rate of NPC2 protein. As shown in Fig. 4,
the degradation of LMW NPC2 was more rapid in
NPC1L1-overexpressing cells (half-life = 2.1 = 0.1
hours) - versus control cells (halflife = 7.1 = 2.5
“hours). In contrast, the half-life of HMW. NPC2 was
“hardly affected by the overexpression of NPC1L1 (3.2
#+ 0.8 hours in control cells and 2.3 #* 0.1 hours in
NPCI1L1-overexpressing cells). These results suggest
that the ability of NPCIL1 to accelerate the degrada-
tion of LMW NPC2 may contribute to the lower
expression of NPC2 protein in NPC1LI-overexpress-

-ing cells and that the reduced expression of HMW
NPC2 in NPClLI-overexpressing cells (Figs. 1 and

2A,C) could be explained by the inhibition of NPC2
maturation rather than the difference in the degrada-
tion speed of HMW NPC2.

NpPC
- Secr

egulates  the Protein
" NPC2. Although the
1L1 caused a reduction in the
protem expressxon and secretion of NPC2, an overex-
pression model is fraught with potential artifacts. To
eliminate this possibility, we investigated the ability of
endogenous NPCIL1 to regulate the expression and
secretion of endogenous NPC2. For this purpose,
HepG2 cells in which both NPCIL1 and NPC2 were
expressed endogenously were transfected with a small
interfering RNA targeted against Niemann-Pick C1-
like 1 (siNPCIL1), and changes in NPC2 expression
and secretion were analyzed. As shown in Fig. 5, after
the transfection of siNPCIL1, the mRNA levels of
endogenous NPCI1L1 (Fig. 5A) and its protein levels
(Fig. .5B) were reduced to approximately 40% and
60%, respectively, of the levels in cells transfected with
the control small interfering RNA (siControl). Under
these conditions, although the expression of NPC2
mRNA was unaltered (Fig. 5A), the level of NPC2
protein increased more than 1.9-fold (cellular NPC2,
Fig. 5B). In addition, the amount of NPC2 secreted
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MG132 (-)

Cathepsin D

A A

Cathe;sin D

Cathepin D

- into the media also increased more than 2.5-fold after
the suppression of NPCIL1 expression (secreted
NPC2, * Fig. 5B). However, transfection with
siNPCIL1 had no effect on NPC1 protein expression
(Fig. 5B). These results suggest that the expression and
secretion of endogenous NPC2 are negatively regulated
by endogenous NPC1L1.
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Fig. 3. Intracellular colocalization
of NPC1L1 with NPC2 in HepG2
cells. The cellular localization of
NPC1L1-HA and NPC2 was exam-

ith  immunohistochemical
HepG2 cells were trans-
cted (A,B) the control vector

(C) the NPCIL1-HA vector.
Twenty-four hours after transfection,
the cells were stained for an immu-
nohistochemical analysis. NPC1L1-
expressing cells are indicated by
circles. (D-F) HepG2 cells were
transfected with the NPC1L1-HA vec-
tor. Twenty-four hours after transfec-
fion, the cells were treated with
MG132 (10 uM) for 6 hours, and
they were then subjected to immu-
nohistochemical- staining. Represen-
tative images are shown. In each
panel, colocalization appears yellow
in the merged image.

(NPC2/NPCAL

(N?Célf:amexin)
Merge

(NPC2/Cathepsin D)

Suppression of Intracellular- Cholesterol Traffick-
ing by NPCIL1 Overexpression Can Be Rescued by
the Addition of Purified NPC2 Protein. Because the
loss of intracellular NPC2 suppresses intracellular cho-
lesterol trafficking and causes cholesterol accumulation
within lysosomes,'° the cholesterol distribution was an-
alyzed in NPC1LI-overexpressing cells. In agreement
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NPCIL1

+

Incubation time (minutes)
{with eycloheximide)

a | 60 | 120 | 180 | 240

o | 60 | 120 | 180 | 240

Cellular NPC2

a-tubulin

Fig. 4. Effect of NPC1L1 on the degrada-
tion rate of NPC2 protein. CHO-K1 cells were
infected with Ad-NPC1L1 or Ad-GFP (the con-
trol) at 10 MO! together with Ad-NPC2-Myc-His
at 5 MOI. Twenty-four hours after infection, the.
cells were incubated with cycloheximide (100
uM). The total cell lysate, which was prepared
at the indicated time points, was examined
with an immunoblot analysis. The lower panels
show quantitative comparisons of the levels of
NPC2 protein normalized to the level of «-.
tubulin. The data points and bars represent the
means and standard deviations of three speci-
mens on different immunoblots. *Significantly
different from control cells according to
the Student f test (P < 0.05). **Significantly
different from control cells according to the
Student t test (P < 0.01).

with the previous results, the amount of endogenous
NPC2 protein in HepG2 cells was reduced along with

_ the increase in NPCI1L1 expression, whereas the level

F6

of endogenous NPC1 protein was hardly affected (Fig.
6A). Because extracellular (secreted) NPC2 can be
taken up into lysosomes via receptor-mediated endocy-
tosis,”® NPCILI- -overexpressing cells were cultured in
media containing exogenous NPCZ protein, and the
amount of cellular NPC2 was examined. Exogenous
NPC2 protein was purified from cell culture media
containing secreted HMW NPC2. Figure 6B shows
that the reduction of NPC2 in NPC1L1-overexpress-
ing cells could be recovered by culturing with purified
NPC2 protein, and this suggests that NPCIL1 may
only minimally affect the protein stability of endocy-
tosed NPC2. The endocytosed NPC2 protein in

NPC1L1-overexpressing cells was colocalized with the

lysosomal marker cathepsin D by immunohistochemis-

try (data not shown). These results are consistent with
the observation that NPCI1L1 interacts with NPC2 in
prelysosomal compartments (Fig. 3E).

Filipin staining was next performed in order to ana-
lyze the cellular distribution of cholesterol. As shown
in Fig. 6C, in comparison with control cells,
NPCI1L1-overexpressing cells exhibited increased stain-
ing for intracellular cholesterol, whereas staining for
cholesterol in the plasma membrane was reduced. A
similar pattern was observed in cells treated with

140 -
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U18666A, an inhibitor of intracellular dloleéterol traf- AQS8

ficking. When NPC1L1-overexpressing cells were incu-

‘bated with purified wild-type (WT) NPC2, intracellu-

lar NPC2 levels were restored to the same levels found
in control cells (Fig. 6B); intraceliular cholesterol accu-
mulation was significantly decreased, and in turn, the
distribution of cholesterol in' the plasma membrane

‘was restored (hg 6C) This rescue effect was not
“ observed when cells were cultured with NPC2 D72A,

a loss-of-function mutant.”” These results suggest that
the altered distribution of cholesterol in NPCILI-
overexpressing cells is mostly caused by the reduced
expression of lysosomal NPC2 and not by NPCIL1
itself. In addition, NPCIL1 only slightly affects the
function of lysosomal NPC2.

NPC2 Expression Is Negatively Correlated With
NPCILI in Human Liver Specimens. Finally, the
correlation berween the levels of NPC2 and NPCI1L1
in human liver specimens was determined with immu-
noblot analyses and quantitative real-time PCR. In
agreement with the in vitro results, the protein levels
of NPC2 were negatively correlated with NPC1L1 lev-
els in human liver specimens (Fig. 7A), although there
was no significant correlation berween the mRNA lev-
els (Fig. 7B). Furthermore, the translational efficiency
of NPC2, which is expressed as the ratio of the NPC2
protein level to the NPC2 mRNA level, was also nega-
tively correlated with the protein level of NPCILI
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(Fig. 7C). These results ﬁppérf the hyﬁotﬁeé‘i‘é» that |
the protein expression of NPC2 is posttranscriptionally
regulated by NPCIL1 in the human liver.

Discussion

According to this study, in addition to its well-
known role as a cholesterol importer, NPC1L1 has a
novel function as a negative regulator of the expression
and secretion of NPC2, which is based on the ability
of NPCIL1 to inhibit the maturation of NPC2 pro-
tein and stimulate the degradation of LMW NPC2
protein. Because treatment with ezetimibe, an inhibitor
of NPCILI-mediated cholesterol import, does not
affect the binding of NPC1L1 and NPC2 and cannot
reverse the reduction in the NPC2 protein level in
NPC1L1-coexpressing cells (Supporting Fig. 3), this
novel function of NPCIL1 as a negative regulator of
NPC2 protein is independent of its well-known role as
a cholesterol importer.
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Fig. 5. Effect of siNPC1L1 on the endoge-
nous expression of NPC2. HepG2 cells were
transfected with siNPC1L1 or siControl (see
the supporting information) and cultured for 2
days. The extracted RNA and the total cell
lysate were then analyzed with (A) quantita-
tive real-time PCR and (B) an immunoblot
analysis, respectively. (A) The relative mRNA
levels of NPC1L1 and NPC2 were normalized
to the fS-actin mRNA levels. (B) The relative
levels of the NPC1L1 and NPC2 proteins were
calculated as the band densities of the pro-
teins and were normalized to the «-tubulin
protein level in each specimen. The columns
and vertical bars represent the means and
standard deviations of the three specimens in
the: immunoblot. **Significantly  different
according to the Student ¢ test (P < 0.01).
Abbreviation: NS, not significant.

Secreted NPC2

ok

Pre\'viously:f,} it has been reported that NPC2 is
degraded by the proteasome system.*? Therefore, we
investigated whether treatment with MG132, a protea-
some inhibitor, could inhibit the NPC1L1-mediated
down-regulation of NPC2. In agreement with the pre-
vious report,”” in the absence of NPCILI, the levels
of both HMW NPC2 and LMW NPC2 were
increased by MG132 treatment (Supporting Fig. 2).
However, when NPCIL1 was coexpressed, MG132
treatment hardly increased the expression of HMW
NPC2, although the expression of LMW NPC2
clearly increased (Supporting Fig. 2). This observation
is in agreement with the finding that NPCIL1 inhibits
the maruration of NPC2 from LMW forms to HMW
forms (Fig. 2C,E). Furthermore, the stability of LMW
NPC2 was altered by NPC1L1 coexpression (Fig. 4),
and LMW NPC2 coimmunoprecipitated with
NPC1L1 (Fig. 1). These data imply thar NPCIL1
interacts with LMW NPC2, inhibits its maturation,
and simultaneously promotes its degradation. As a
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Fig. 6. Effect .of NPC1L1 on intra-
cellular cholesterol trafficking. (A)
HepG2 cells were infected with Ad-
NPC1L1 or Ad-GFP at the indicated
MOI. Twenty-four hours after infection,
the cells were collected and sub-

Ad-GFP (MOI1) 1 3

Purified NPC2

NPCALY|

NPC2| 48

a-tubulin

Jected to an immunoblot analysis. 8) € aqnpeiLe

- +
HepG2 cells were infected with Ad- )
NPCIL1 or Ad-GFP (the control) at 3 u18666A - * -
MOl and were cultured together with Purified NPC2 . . . Wt D72A
purified NPC2 protein (10 nM). . "

Twenty-four hours after infection, the
cells were collected and subjected to
an immunoblot analysis. (C) HepG2
cells were infected with Ad-NPC1L1
or Ad-GFP (the control) at 3 MOl and

were cultured together with the indi-
cated type of purified NPC2 protein
(10 nM) for 24 hours or with
U18666A (1.25 uM) for 8 hours.
Twenty-four hours after infection, the
cells ‘were stained with filipin. The
upper panels show the results of fili-

are shown. The lower panel shows a
quantitative - comparison of filipin
staining in intracellular compartments.
The columns and vertical bars repre-

Relative intensity of
intracellular filipin staining
{% of Control)
fd
g

#k NS -

*k

sent means and standard deviations 1o

of three different images. **Signifi- 0

cantly different according to an analy- & & o~ "‘,’té‘ e
sis of variance followed by Dunnets & $§° & Lo £
test (P < 0.01). Abbreviation: NS, 3 Vy;gz g\é’

not significant.

result, intracellular NPC2 is reduced, and this in turn
leads to a decrease in NPC2 secretion (Fig. 8).

In contrast to LMW NPC2, a molecular association
between HMW NPC2 and NPCIL1 was not detected
by coimmunoprecipitation (Fig. 1). Because HMW
NPC2 and LMW NPC2 are glycosylation variants
(Fig. 2D), it is possible that the complex glycosylation
of HMW NPC2 may inhibit its binding to NPC1L1,
whereas core-glycosylated NPC2 can interact with
NPCI1L1. This idea is consistent with the observation
that in addition to the expression of WT NPC2, the
expression of NPC2 mutants (in which one or both of
the glycosylation sites of NPC2 are murated®®) was
reduced by the coexpression of NPCIL1 (Supporting
Fig. 4). Because NPCI1L1 colocalizes with NPC2 in
prelysosomal compartments (Fig. 3) and the reduced
expression of NPC2 can be rescued by exogenous

secreted NPC2 (Fig. 6B), it seems that NPCIL1 inter-
acts with NPC2 during the process of complex
glycosylation.

The RNA interference studies using HepG2 cells
(Fig. 5) and the correlation analysis of the expression
levels of NPCIL1 and NPC2 in human liver speci-
mens (Fig. 7) have revealed that endogenous NPC1L1
negatively regulates the expression of NPC2 posttran-
scriptionally. It has recently been reported that in addi-
tion to the NPC1L1-mediated regulation of NPC2,
Nogo-B receptor (NgBR) interacts with NPC2 at the
ER and enhances NPC2 protein stability by inhibiting
its proteasomal degradation.”® Because NgBR is
known to be expressed in the liver,”® NgBR may func-
tion as a positive regulator of NPC2 protein expres-
sion, whereas NPCIL1 acts as a negative regulator.
The balance of the expression levels of NPCIL1 and
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Fig. 7. Correlation between the levels of
NPC1L1 and NPC2 in human liver specimens.
C 16 4 Homogenates and extracted RNA from human
liver specimens were subjected to (A) an im-
) S Q munoblot analysis and (B) quantitative real-
8 5 42 4 . : time PCR, respectively. (A) The relative protein
E- g o R.=.0.73 levels of NPC1L1 and NPC2 were calculated
%= i as the band densities of the proteins and
& 84 O o P=0.024 were normalized 1o the o-tubulin protein level
50 S in each specimen. (B) The relative mRNA lev-
:_‘;: (f‘b els of NPC1L1 and NPC2 were normalized to
LY 44 O O the B-actin mRNA level in each specimen. (C)
© % o o The translational efficiency of NPC2 was cal-
-~ © culated as the ratio of the NPC2 protein level
0 , . , to the NPC2 mRNA level. A correlation analy-
o 50 400 150 sis was performed with Spearman’s rank

'Relative NPC1L1 protein level

NGBR may, therefore, determine the hepatic explessmn
of NPC2 protein.

In addition to posttranscriptional modlﬁcatlon, several
groups have studied the transcrlptlonal regu[anon{”f the
reported

NPC2 gene. For instance, Rigamonti et al?
that in human macrophages, NPC2 mRNA is induced
by activators of liver X receptor (LXR). Because LXR is
activated by cellular cholesterol-related compounds, the
expression of NPC2 mRNA may be positively regulated
" by cellular cholesterol levels: On the other hand, choles-
terol has been shown to down-regulate the expression of
NPCILI by transcriptional regulation via. sterol regula-
tory element binding protein 2 and hepatocyte nuclear
factor 46.>%?' Taken together, these data suggest that
when the cellular cholesterol level increases, the expres-
sion of NPC2 protein is effectively elevated by a combi-
nation of positive transcriptional regulation via the LXR
pathway and reduced posttranscriptional regulation via
the interaction with NPC1L1. Because NPC2 is a cru-
cial protein for intracellular cholesterol trafficking, which
affects the regulation of cholesterol synthesis and uptake
by delivering cholesterol to the sterol-sensing machinery
in the ER,* the expression level of NPC2 protein must
be tightly regulated by various steps.”

method. Abbreviation: R, Spearmans rank
correlation coefﬂcxent !

{A) NPC1L1 inhibits maturation and
secretion of NPC2
B) NPC1L1 accelerates degradation
C2

(G) Cholestero! efflux Is reduced
by the decrease In billary NPC2

(D} NPGAL1 imports cholesterof
from blle to hepatocytes g
1 NPC2 (O cholesterol % : mixed micelles

Fig. 8. Suggested function of hepatic NPC1L1 in the regulation of
biliary cholesterol secretion. (A) NPC1L1 inhibits the maturation and
secretion of NPC2. (B) NPC1L1 accelerates the degradation of NPC2.
(C) By reducing NPC2 secretion, NPC1L1 indirectly suppresses
ABCG5/ABCG8-mediated cholesterol efflux. (D) In addition to its well-
known function as a cholesterol importer, NPC1L1 contributes to the
regulation of biliary cholesterol secretion by negatively regulating NPC2
secretion.

ID: nagarajulum | Black Lining: [ON] | Time: 03:02 | Path: N:/3b2/HEP#/Vol00000/110663/APPFile/JW-HEP#110663

- 1486 -

ROTUCoO



J_ID: ZHE Customer A_ID; 11-0942.R1 Customer Art: ZHE24772 Date: 5-November-11

HEPATOLOGY, Vol. OVOO, No. 000, 2011

NPCIL1 affects the secretion of NPC2 protein by
inhibiting the maturation and expression of intracellu-
lar NPC2 (Figs. 2C and 5). This regulatory mecha-
nism of NPC2 secretion would be relevant in specific
tissues such as the liver and intestine because NPC1L1
is predominantly expressed in these tissues in humans.
In fact, because of the negative correlation between the
protein levels of NPCI1L1 and NPC2 in human liver
specimens (Fig. 7), it is possible that hepatic NPCIL1
negatively regulates the biliary secretion of NPC2. Our
recent study revealed the physiological function of bili-
ary NPC2 as a positive regulator of biliary cholesterol
secretion mediated by ABCGS/ABCGS8 on the bile
canalicular membrane of hepatocytes.'> Together with
the results from this study, the data suggest that he-
patic NPCIL] may also indirectly affect ABCG5/
ABCGS8-mediated transport by decreasing biliary
NPC2. In addition to its direct role in cholesterol re-
uptake from the bile by hepatocytes,” NPCI1L1 may
down-regulate the biliary secretion of NPC2 and, con-
sequently;, reduce NPC2-mediated cholesterol efflux by
ABCGS/ABCGS from hepatocytes into the bile' (Fig.
8). When we consider that ABCGS and ABCGS8 are
predominantly expressed in the liver and intestine and
that ABCG5/ABCG8-mediated cholesterol excretion is
an important process in cholesterol homeostasis, it
makes sense that the regulatory mechanism for the
secretion of NPC2 is working in these dssues to main-
tain adequate cholesterol levels in response to the
dynamic cholesterol fluctuations in the body.

Collectively, the results of the present study suggest

that NPCIL1 down- regulates the expression and secre- |
tion of NPC2 by interacting with NPC2 during its -

maturation process. Through this regulatory function,
hepatic NPCIL1 is suggested to suppress the hepatic
expression and biliary secretion of NPC2. In addition
to its direct role in cholesterol re-uptake, hepatic
NPCIL1 may effectively control biliary cholesterol
secretion by~ negatively regulating NPC2 secretion
because ‘biliary NPC2 stimulates ABCG5/ABCGS-
mediated cholesterol efflux.'> This is the first report
suggesting a function for NPCILI besides its activity
as a (re-)uptake transporter.
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Abstract he livers of the Nrf2-null and
Background The transcription factor nuclear factor-E2-
related fagtor-Z (N1f2) is a key regulator for induction of
hepatic antioxidative stress systems. We aimed to investigate
whether activation of Nrf2 protects against steatohepatitis.
Method Wild-type mice (WT), Nrf2 gene-null mice
(Nrf2-null) and Keapl gene-knockdown mice (Keapl-kd),
which represent the sustained activation of Nrf2, were fed a
methionine- and choline-deficient diet (MCDD) for
13 weeks and analyzed.

Results In Keapl-kd fed an MCDD, steatohepatitis did 1
develop over the observation periods; however, in N

significantly incre;

«decreased 'ulforaphane an activator of Nrf2, suppressed
hological states and oxidative stress in the livers.
Conc. usions . Nrf2 has protective roles against nutritional
teatohepatms through inhibition of hepatic iron accumu-
lation and counteraction against oxidative stress-induced
liver injury. Nrf2 activation by pharmaceutical intervention
could be a new option for the prevention and treatment of
steatohepatitis.

fibrosis and iron accumulation. In WT mice fed”
Nrf2 and antioxidative stress genes regulated:
potently activated in the livers, and in Kea Keywords Nrf2 gene-knockout mouse - Keap!
: gene-knockdown mouse - Methionine- and

choline-deficient diet - Iron metabolism
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Abbreviations
o-Sma  Alpha-smooth muscle actin

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AST Aspartate aminotransferase

Fpnl Ferroportin-1

y-Ges  p-Glutamylcysteine synthetase .
GSH Glutathione

Gst Glutathione S-transferase

Hamp  Hepcidin gene

4-HNE 4-Hydroxy-2-nonenal

Keapl  Kelch-like Ech- associated protem I
MCDD Methionine- and choline-deficient diet
MDA  Malondialdehyde

NASH  Non-alcoholic steatohepatitis

Nrf2 Nuclear factor-E2-related factor-2
Ngol NAD(P)H: quinone oxidoreductase 1
ROS Reactive oxygen species

SEN Sulforaphane

TR Transferrin receptor

Tgf Transforming growth factor

WwT Wild type

Introduction

Non-alcoholic steatohepatitis (NASH), as a component of
metabolic syndrome, will represent an increasingly impo
2]. In epidemiolog
follow-up study of NASH patients for 10 years has showt

that the disease progresses to cirrhosis in ca. 20‘7 | of the .

urgently needed. The increased levels of fr
non-heme iron and inflammatory cytoki

oxidative stress via the process of re
(ROS) production [1, 2] and the‘re‘:

sof NASH, as well
athological condi-
tions of accumulation of
cells (HSCs), the maj

r termed nuclear factor-E2-rela-
as a cellular sensor for oxidative
equestered in the cytosol by Kelch-like Ech-
n (Keapl). Upon an oxidative challenge

stabilizati(;n' d nuclear translocation of Nrf2 [11]. Nrf2
plays crucial roles for antioxidant responsive element/

@ Springer

electrophile-responsive element (ARE/EpRE)-mediated
induction of antioxidative stress genes [12]. Our previous
studies have shown that chemicals and drugs activating the
Nrf2 regulatory pathway are shown to decrease oxidative
stress, which in turn is implicated in the pathogenesis of
numerous liver diseases [13, 14]. Moreover, our and other
laboratories have shown that deletion of Nif2 leads to
severe progression of nutritional steatohépatitis [15-17].

However, the protective role of Nrf2 and th feasibility of -

drug therapy using Nrf2 activators agains
steatohepatitis have not yet been w

1nJunes in

ing inflammation
surface of absorptive

cental cells, all of
excess in hepatocy
cell toxicity and gé;
found in patie
tively associate

ne-deficient diet (MCDD) which is widely used
research on steatohepatitis [7, 8]. We also studied the
2i ect of sulforaphane (SFN), a compound in broccoli
sprouts that is known to be a potent Nrf2 activator [21], on
the development of steatohepatitis. We first demonstrated
that Nrf2 inhibits hepatic iron accumulation and counter-
acts against oxidative stress-induced liver injury in ste-
atohepatitis patients. Moreover, the treatment with SEN
reduced the iron accumulation and oxidative stress in the
livers by an upregulation of Nrf2, which in turn led to the

- decreased fibrosis. Nrf2 activation by pharmaceutical

intervention could be a new option for the prevention and
treatment of steatohepatitis.

Materials and methods

Animals

Male 10-12-week-old WT, Nrf2-null and Keapl-kd mice

. [13-15] on a C57BL/6 background were fed an MCDD or

control diet (Oriental Yeast, Tokyo, Japan) for 13 weeks.
At the end of the experiment, serum and liver tissue
specimens were collected for analysis. SFN was mixed at
0.05% (wt/wt) in MCDD (MPBio, CA, USA) and admin-
istered. All experiments were performed under protocols
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approved by the Institutional Animal Care and Use Com-
mittees of the University of Tsukuba.

Biochemical and histological analysis

Serum concentrations of aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and alkaline phosphatase
(ALP), were measured by SRL Inc. (Tokyo, Japan). The
serum concentration of hepcidin 1 was measured in the
laboratories of MCProt Biotechnology (Kanazawa, Japan).
Liver tissues were fixed in 10% paraformaldehyde, embed-
ded in paraffin and stained with hematoxylin—eosin (HE), a
Masson trichrome, Sirius red and Berlin blue solution.

Triglyceride concentrations, GSH levels and MDA
concentrations of liver tissues

Triglyceride concentrations, ’glutathione (GSH) levels and

malondialdehyde (MDA) concentrations of liver tissues -

specimens were measured as previously described [15].
Immunoblot analysis”

Immunoblot analysis was performed by using liver total
homogenates and nuclear fraction as previously descnbed

[13, 15, 18].

Immunohistochemistry

For immunostainings of 4-hydroxy-2-nonenal (4-HNE),
2-pm-thick tissue sections were stained using the indirect

Steady-state mRNA levels in the sp

sly [13, 15, 18].
APDH present in
ﬁd liver tissues

Non-heme iron cont
were measur

;;cells and liver tissue specimens
v1ous1y described [22].

Isolation an

turesof primary mouse hepatocytes

o atogﬁltes were isolated from 10- to 15-week-
old C57BL6 male mice by collagenase perfusion
according to the method described previously [21] with

slight modification. Briefly, the liver parenchymal
hepatocytes were seeded at a density of 1 x 10° cells/cm?
with D-MEM medium supplemented with 10% FBS.
From the 5th day cells were then exposed for 24 h either
to control medium (D-MEM) or identical medium that
was manufactured to be completely deficient in methio-
nine and choline (MCD medium) purchased from Invit-
rogen. All experiments were performed .at least three
times using different cell culture preparations from other
animals.

Iron release experiment

Iron release was measured™ us; Cl as previously
described [18]. The percent of iron release was calculated
according to the following equation: percent >Fe relea-

cells)] x 100.

Statistics

. Suppression of MCDD-induced steatohepatitis

progression by Nrf2

Treating mice with MCDD for 13 weeks resulted in signs
of steatohepatitis in the WT mouse livers, namely fat
droplet deposition, inflammatory cell infiltration and
fibrosis (Fig. la). These changes were more apparent in the
Nrf2-null mouse livers than in the WT mouse livers, while
the KeapI-kd mouse livers did not show many pathological
changes in fat deposition, inflammation or fibrosis. Among
other effects, the fibrosis noted in the Nrf2-null mouse
livers was bridging fibrosis. Berlin blue staining of the liver
tissue showed that iron deposition was particularly evident
near blood vessels. This change reflected the intensity of
inflammation and fibrosis, and was more evident in Nrf2-
null mouse livers than in WT mouse livers. However, the
change was not evident in the Keapl-kd mouse livers.
Immunostaining with 4-HNE was performed to determine
the presence of lipid peroxides, and the chromatic response
resembled the known pattern of iron deposition. More
intense and extensive chromatic responses were noted in
Nrf2-null mouse livers than in WT mouse livers, while
deposition was poor in Keapl-kd mouse livers (Fig. 1a).
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Fig. 1 Sustained activation of A
Nrf2 protects against '
progression of steatohepatitis
induced by an MCDD. a H&E-,
Sirius red-, Masson trichrome-, HE.
Berlin blue- and 4-HNE-stained
sections of representative liver
specimens from the WT, the
Nrf2-null and Keapl-kd mice
fed an MCDD for 13 weeks
(bars 100 pm). b NAFLD .
activity score (NAS) in liver Sirius
samples fed an MCDD for Red
13 weeks. Values are
mean + SE. *P < 0.05,
*#P < (.01, significantly
different between the two
groups. The numbers in
parentheses tepresent the
number of animals examined in
each group. ¢ Analysis of blood
biochemistry (AST, ALT and
'ALP) in the WT, Nrf2-null and
Keapl-kd fed an MCDD for 6
or 13 weeks. The numbers in
parentheses represent the ) Blue
number of animals examined in

. each group. d Survival curve in
the WT, Nrf2-null and Keapl-

Masson
Trichrome
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Pathological changes in the liver were quantified using
the NAFLD activity score (NAS). The Nrf2-null mouse
livers showed 1.5- to 2-fold greater changes in the scores
for fat deposition, inflammation, fibrosis and iron deposi-
tion compared to the WT mouse livers, while these changes '
were approximately half as intense in the Keapl-kd mouse
livers (Fig. 1b). Signs of steatohepatitis were more intense
in the Nrf2-null mouse livers than in the WT mouse livers,
while they were minimal in the Keapl-kd mouse livers,
thus indicating that the activity of steatohepatitis is asso-
ciated with the intensity of Nrf2 expression. Evaluation of
hepatopathy on the basis of blood biochemical data showed
that AST, ALT and ALP levels at 6 weeks after the start of
MCDD treatment were higher in the Nif2-null mouse than
in WT and Keapl-kd mouse (Fig. lc). At 13 weeks after
beginning MCDD treatment, AST and ALT levels were
higher in the WT mice than in the other miée, and elevated
AST and ALT levels were suppressed in the Keapl-kd
mice (Fig. 1c). This result may be attributable to a differ-
ence in the timing of the peak in hepatic dysfunction—peak
of dysfunction in the WT mouse livers occurred later than
that in the Nrf2-null mouse livers. The ALP level was
significantly lower in KeapI-kd mice than in WT and Nrf2-
null mice. Figure 1d shows the mouse survival curve.
Death of Nrf2-null mice began 8 weeks after the start of
MCDD treatment. By the end of the 13-week MCDD

D Triglyceride of liver tissue MDA of liver tissue

treatment, 15 of 36 Nrf2-null mice had died. Only a few
WT and Keapl-kd mice had died. These results indicate
that deletion of Nrf2 is fatal during prolonged MCDD
treatment. '

Suppression of hepatic fat accumulation and oxidative
stress by Nrf2

Neutral fat levels in the liver tissue after 6-week control
diet ingestion were significantly higher in rﬂ;null mice
than in WT mice. Neutral fat levels
livers were significantly lower than tho
livers at both 6 and 13 weeks t of control-diet
ingestion (Fig. 2a). Six-wee atment resulted in
significantly elevated neutral fat levels in WT and Nrf2-
null mouse livers, while levels. inKeapl-kd mouse livers
were not elevated; t levels were significantly
lower in Keapl-ki vers than in WT and Nrf2-null
mouse livers (I Treatment with MCDD for
elevated neutral fat levels in the
but similar to those with 6-week

T and Nrf2-null mouse livers (Fig. 2a).
the levels of MDA, a lipid peroxide, to
nsity of oxidative stress-in the liver tissue
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Fig. 2 Sustained activation of Nrf2 inhibits hepatic oxidative stress,
inflammatory cytokines and fibrosis stimulation factors in steatohep-
atitis induced by an MCDD. a Triglyceride, malondialdehyde (MDA)
and glutathione (GSH) of liver tissue in the WT, Nrf2-null and Keap.-
kd mice fed an MCDD for 6 or 13 weeks. Data are given as
mean + SE (n = 8-15/group). *P < 0.05, P < 0.01, significantly
different from the WT with control feeding; *P < 0.05, **P < 0.01,
significantly different from the Nrf2-null with control feeding;
P < 0.05, *tP < 0.01, significantly different from the WT with
MCD feeding; °P < 0.05, ®°P < 0.01, significantly different from the
Nrf2-null with MCD feeding; brackets *P < 0.05, **P <0.01,

significantly different between the two groups. b Immunoblot analysis
of «-Sma proteins in livers of the WT, Nrf2-null and Keapl-kd fed a
control diet or an MCDD for 13 weeks. Bar graph shows quantitation
of optical density of the immunoblots. Data are given as mean £ SE
(n = 8/group). c Steady-state mRNA levels of the factors involved in
the inflammatory cytokines in livers of the WT, Nrf2-null and Keap!-
kd mice fed a control diet or MCDD for 6 or 13 weeks. Data are given
as mean * SE (n = 6-7/group). d Steady-state mRNA levels of the
factors involved in the fibrogenesis in livers of the WT, Nrf2-null and
Keapl-kd mice fed a control diet or MCDD for 6 or 13 weeks. Data
are given as mean + SE (n = 6-7/group)
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elevated MDA levels in WT and Nrf2-null mouse livers.
MDA levels in Keapl-kd mouse livers were unexpectedly
slightly higher than those in WT mouse livers at both 6 and
13 weeks after the start of control diet ingestion (Fig. 2a).
Following MCDD treatment, MDA levels remained sig-
nificantly lower in Keapl-kd mouse livers than in WT and
Nrf2-null mouse livers (Fig. 2a).

Basal levels of GSH, an endogenous antioxidant found
in the liver tissue, did not differ significantly among the
WT, Nrf2-null-and Keapl-kd mouse livers (Fig. 2a). At 6
and 13 weeks after the start of MCDD treatment, GSH
levels were significantly lower than the pretreatment levels
in WT, Nrf2-null and Keap-kd mouse livers. Furthermore,
the GSH level was significantly lower in Nrf2-null and
Keapl-kd mouse livers than in the WT mouse livers. There
was no significant difference in this parameter between
Nrf2-null and Keapl-kd mouse livers.

Figure 2b shows the results of immunoblot analysis of
the alpha smooth muscle actin (¢-Sma) protein expression
level, an indicator of HSC activation and hepatic fibrosis.
At 13 Weeks after the start of control diet ingestion, the o-
Sma expression level did not differ among WT, Nrf2-null
and Keapl-kd mouse livers, while treatment with MCDD
increased the expression of a-Sma in WT. and Nrf2-null
mouse livers. No increase was observed in the Keapl-kd
mouse livers; the level was significantly lower than that in
WT and Nrf2-null mouse livers (Fig. 2b).

" Quantitative PCR was used to analyze hepatic expres:
sion of Tnf-« and Mcp-1 (inflammatory cytokines, Fig. 2
and al-procollagen and Tgf-f1 (fibrosis stimulation:fac-

magnitude of increase s1gn1ﬁcant1y g
mouse livers than in the WT mou
mouse livers, Tnf-o. expressio
signiﬁcantly lower than that i

rf2-null mouse
expression in the

eated N7f2-null mouse
to reflect the presence of
i and fibrosis in the histopath-

Immunoblot analysis was conducted to evaluate changes in
the expression of Nrf2 and oxidative stress response genes

@ Springer

s' of these factors were

Fig. 3 Immunoblot analysis of a Nrf2 proteins in nuclear fraction of p
livers and b Ngol, Gstal and y-Gcs proteins in livers of the WT,
Nrf2-null and Keapl-kd mice fed a control diet or an MCDD for 1 or

6 or 13 weeks. Bar graph shows quantitation of optical density of the
immunoblots. Data are given as mean & SE (n = 8/group). -
*P < 0.05, P < 0.01, significantly different from the WT with
control feeding; *P < 0.05, **P < 0.01, significantly different from
the Nrf2-null with control feeding; TP < 0.05, ¥*P < 0.01, signifi-
cantly different from the WT with MCD feeding; 5P < 0.05,
%p < 0.01, significantly different from the N##2-null with MCD
feeding; brackets *P <0.05, **P <0, Ol ¥ ntly different
between the two groups

regulated by Nrf2 following MCDD freatment. Following
control diet ingestion, Nrf2 not detected in
the Nrf2-null mouse liver; Keapl-kd mouse
livers showed approxima
sion than the WT m
tutive Nrf2 expressig

t ingestion. Interestingly, the increase
e WT mouse livers attenuated over

S 1gh at baseline, and MCDD tleatment did
arked increase in Nrf2 express1on However,

after the start of MCDD treatment (Fig. 3a).

he expression levels of y-glutamylcysteine synthetase
y-Gcs), a rate-limiting enzyme of GSH, NAD(P)H: quinone
oxidoreductase 1 (Nqol) and glutathione S-transferase al
(Gstal), which are detoxifying enzymes regulated by Nrf2,
were low in Nrf2-null mouse livers and markedly high in
Keapl-kd mouse livers following control diet ingestion,
and this trend was similar to that of Nrf2 expression

(Fig. 3b). Following treatment with MCDD, WT mouse

livers showed an increase in the expression levels of
y-GCS, Nqol and Gstal, and these increases were similar
but slower than the increase in Nrf2 expression; their
expressions were minimal or did not occur in Nrf2-null
mouse livers. In Keapl-kd mouse livers, the basal
expression level was high, and MCDD treatment did not
markedly increase expression. However, Nqol, Gstal and
y-Gces expression levels following MCDD treatment were
markedly higher in Keapl-kd mouse livers than in WT and
Nrf2-null mouse livers.

Regulation of iron excretion from hepatocytes
and suppression of liver tissue iron deposition by Nrf2

Histopathological examination showed that MCDD treat-
ment resulted in a significant increase in iron deposition in
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