HCV CORE PROTEIN MODULATES FATTY ACID METABOLISM

(Gibeo, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS) (Sigma, St. Louis, MO, USA)and an antibi-
otic/antimycotic mixture (100 U/ml each) (Gibco) and were cul-
tured in a humidified incubator (5% CO,) at 37°C. The medium
was replaced with fresh medium every 3—4 days. Prior to each
experiment, the cells were seeded into 6- or 12-well plates and
allowed to attach for at least 24 hr (6-well for triglyceride [TG]
assay and 12-well for RNA extraction).

Transfection. Using SuperFect Transfection Reagent (Qia-
gen, Tokyo), cells were transfected with 4 or 3 pg of pCAG-
HCVcore or pPCAG-MOK (4 jig for 6-well plates and 3 g for
12-well plates) and were cultored in DMEM with 10% FBS.
After 24 or 48 hr, the cells were harvested for analysis. The
efficiency of transfection was investigated using pCAG-LacZ.
Cells were washed with phospbate-buffered saline (PBS) and
fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS.
Then the cells were stained with X-gal using a §-Gal Staining
Set (Roche, Tokyo).

Animals. Adult male C57BL/6 mice (Charles River Labo-
ratories, Yokohama, Japan), which were over 8 weeks old and
weighed 21-24 g, were used in this study. All animals were
housed in an environmentally controlled facility with a 12-hr
lighting time (lights on from 0700 until 1900 hr). They were
given free access to standard chow and water. Experiments (in-
travenous injection and sacrifice) were performed from 0900 to
21 hr. The animals received humane care according to the insti-
tutional guidelines for handling experimental animals.

HCV Core Protein Expression in Mice. The animals re-
ceived an intravenous injection of 1 x 10? pfu (plaque-forming
units) of AdexCAHCVcore or AdexCAlacZ and were sacri-
ficed 3 days later. Mice were anesthetized with pentobarbital
(100 mg/kg intraperitoneally). Blood was collected by cardiac
puncture with a heparinized syringe, after which the liver was
rapidly removed, weighed, and perfused with ice-cold PBS (pH
7.4). Part of the liver was fixed in 10% neutral buffered formalin
and embedded in paraffin for histologic analysis. Another part
was stored in RNA later reagent (Qiagen, Tokyo) at 4°C for ex-
traction of RNA, and the remaining liver tissue was snap-frozen
in liquid nitrogen and stored at ~80°C until required. Plasma was
immediately separated by centrifugation (10,000 rpm at 4°Cyand
stored at —20°C.

Liver Histology and Serum ALT Level. Sections of liver
tissue (4 pm thick) were stained with hematoxylin and eosin for
analysis. The serum alanine aminotransferase (ALT) level was
measured using an automated technique by SRL Co. (H iroshima,
Japan).

HCYV Core Protein Expression in Cells. Proteins were ex-
tracted from cells using PRO-PREP protein extraction solution
(containing 1.0 mM PMSF, 1.0 mM EDTA, 1 uM pepstatin,
1 M leupeptin, and 1 M aprotinin) (Intron Biotechnology,
Kyungki-Do, Korea). HCV core antigen levels were measured
in cells using an HCV core antigen enzyme-linked immunosor-
bent assay (ELISA) (Ortho-Clinical Diagnostics K.K., Tokyo).

HCV Core Protein Expression in Mice. We confirmed
HCV core protein expression in liver tissue by Western blot anal-
ysis. Proteins were extracted using PRO-PREP protein exfrac-
tion solution. Then 50 jig of protein was separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane (Millipore, Bedford, MA,
USA) using a tank blotting system according to the manufac-
turer’s instructions (Bio-Rad Laboratories). After transfer, the
membrane was blocked for 2 hr at room temperature with 5%
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powdered skim milk dissolved in Tris-buffered saline contain-
ing (.05% between 20 and then incubated overnight at 4°C
with a monoclonal mouse antibody to HCV core protein (kindly
provided by Ortho-Clinical Diagnostics K.K.). Immune com-
plexes were detected using alkaline phosphatase-conjugated
anti-mouse IgG (Cosmo Bio, Tokyo) according to the manufac-
turer’s instructions (Bio-Rad Laboratories). Detection of HCV
core protein was performed by comparison with the following
standards: myosin (200kDa), 8-galactosidase (116 kDa), bovine
serum albumin (66 kDa), carbonic anhydrase (31 kDa), soybean
trypsin inhibitor (21.5 kDa), fysozyme (14.4 kDa), and aprotinin
(6.5 kDa).

Measurement of Triglyceride Content. After the medium
was removed, the cells were washed three times with PBS and
resuspended in 200 jut of PBS. Then lipids were extracted from
100 ul of PBS by the method of Bligh and Dyer (27) and
resuspended in 100 puL of 10% Triton X. The cellular con-
tent of TG was measured using enzyme reagents and standards
from Wako (Osaka, Japan). The remainder of the PBS suspen-
sion was used for the protein assay. In mice experiments, liv-
ers were homogenized in PBS and 100 pl of the homogenate
was used for extraction of lipids. Total protein was measured
with protein assay reagents from Bio-Rad (Richmond, CA,
USA).

Hepatic Level of Thiobarbituric Acid-Reactive Sub-
stances (TBARS). The hepatic level of TBARS was measured
using an OXI-TEK TBARS Assay Kit (Zeptometrix Corpora-
tion, New York, USA). Briefly, 100 mg of liver tissue was ho-
mogenized in 10 vol of normal saline. Then 100 pl of SDS
and 2.5 ml of TBA/buffer reagent were added to 100 p1 of this
homogenate or the malondialdehyde standard. Samples were in-
cubated at 95°C for 60 min, cooled in an ice bath for 10 min, and
centrifuged at 3000 rpm for 15 min, after which the supernatant
was analyzed by spectrophotometry (532 nm).

Extraction of RNA and RT-PCR. The medium was re-
maved and the cells were washed twice with PBS. After cen-
wrifugation, total RNA was isolated using an RNeasy Mini Kit
(Oiagen, Tokyo). From mouse, 20 mg of liver tissue was used
for RNA extraction. Then 2 y1g of total RNA was employed for
reverse transcription using random hexamers (final concentra-
tion: 2.5 M) and murine leukemia virus reverse transcriptase
¢final concentration: 2.5 U/ul) (Roche, Tokyo). Specific primer
sets were synthesized for performance of the PCR (Table 1)
and were used for assessment of liver-predominant mitochon-
drial carnitine paimitoyl transferase-1 (CPTIA in humans and
CPT1 in mice; the rate-limiting enzyme of mitochondrial g-
oxidation), acyl-CoA oxidase (ACOI in humans and AOX in
mice: the rate-limiting enzyme of peroxisomal f-oxidation), cy-
tochrome P-450 4A11 (CYP4ALL; involved in microsomal w-
oxidation), multidrug resistance protein 3 (MDR3 in humans
and Mdr2 in mice; an ABC transporter and phospholipid flip-
pase), microsomal TG transfer protein (MTP: a vital protein for
TG incorporation into VLDLY), and two nuclear receptors (per-
oxisome proliferator-activated receptor o[PPAR«]] and peroxi-
some proliferator-activated receptor y (PPARy ). Roles of these
genes are summarized in Table 2. Amplification involved 30 ¢y-
cles of denaturation at 95°C for 60 sec, annealing at each speci-
fied temperature (Table 1) for 30 sec, and extension at 72°C for
50 sec. The reaction products were analyzed on a 2% agarose
oel and were visualized by ethidium bromide staining. The PCR
products were excised from the gel, purified using a gel purifica-
tion kit (Qiagen), and quantified by spectrophotometry. Dilutions
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TABLE 1. PRIMER SIETS IN THE EXPERIMENTS
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Reverse

Annealing temp. (°C)

Forward
Human
GAPDH GAACGGGAAGCTCACTGGCATGGC
PPAR«a GGAAAGCCCACTCTGCCCCCT
PPARy CATTCTGGCCCACCAACTTTGG

MDR3 (ABCB4)
MTP

GATGAAAAGGCTGCCACTAG
GGCTAGCCTATTTCAGACACA

CPTIA AGACGGTGGAACAGAGGCTGAAG
ACOI GGGCATGGCTATTCTCATTGC
CYP4A1l GTGGCCCAACCCAGAGGT
Mouse
GAPDH AGAACATCCCTGCATCC
PPAR« TGCAGAGCAACCATCCAG
PPARy GGTGAAACTCTGGGAGATTC
Mdr2 (Abch4) TATCCGCTATGGCCGTGGGAA
MTP TGAGCGGCTATACAAGCTCAC
L.CPT CGCACGGAAGGAAAATGG
AOX CTTGTTCGCGCAAGTGAGG

TGAGGTCCACCCTGTTGCTG 65
AGTCACCGAGGAGGGGCTCGA 63
TGGAGATGCAGGCTCCACTTTG 63
TTGCACTTCTGCTGCTTCAC 62
GATGAGCCTGGTAGGTCACT 60
TGAGACCAAACAAAGTGATGATGTCAG 67
CGAACAAGGTCAACAGAAGTTAGGTTC 60
TCCCAATGCAGTTCCTTGATC 55
TTGTCATTGAGAGCAATGCC 56
TAATGGCGAATTATAAAC 50
CAACCATTGGGTCAGCTCTT 59
ATCGGTGAGCTATCACAATGG 56
CTGGAAGATGCTCTTCTCGC 60
TGTGCCCAATATTCCTGG 52
CAGGATCCGACTGTTTACC 56

ranging from 3 x 107% to 3 x 10? pg were prepared in water and
used as the standards.

Quantitative PCR. Quantitative PCR was performed using
the Light-Cycler Fast-Start DNA Master SYBR Green system
(Roche Molecular Biochemicals, Tokyo). PCR was carried out

in a final reaction volume of 20 pl using 1 wl of each primer

at 10 uM (final concentration: 0.5 uM), 1.6 ul of 25 mM
MgCly(final concentration: 3 mM), 2 111 of the enzyme mix sup-
plied, 12.4 pl of Hy0, and 2 ] of the template. The enzyme
mix contained the reaction buffer, Fast-Start Taq DNA poly-
merase, and DNA double strand-specific SYBR Green I dye
for detection of PCR products. PCR was performed in a Light-
Cycler (Roche) with preincubation for 10 min at 95°C followed

by 40 cycles of denaturation for 15 sec at 95°C, annealing for

5 sec at each specified temperature (see Table 1), and extension
for 25 sec at 72°C, with fluorescent detection at the end of ex-
tension. Next, the PCR products were subjected to melting curve
analysis to exclude the amplification of primer dimmers or other
nonspecific products. If primer dimmers and nonspecific bands
were detected, fluorescence detection was repeated after exten-
sion at each specified temperature for 1 sec. Analysis was carried

out with Light-Cycler 3.5 software (Roche). Quantification was
done using the “point fitting” mode and baseline adjustment.
The standard curve for each gene was created using five dif-
ferent dilutions. The plot of the number of PCR cycles versus
log concentration was considered reliable when the error was
<0.2.

Statistical Analysis. Results are expressed as the mean +
SE. Statistical analysis was performed using Student’s ¢-test,
and P < 0.05 was defined as indicating significance.

RESULTS

HCYV Core Protein Expression in HepG2 Cells. The
transfection efficiency of pCAG-LacZ was about 20%.
HCYV core protein expression by the cells was confirmed
using the HCV core antigen ELISA. No HCV core antigen
was detected in mock-transfected and nontransfected
cells. The level of HCV core protein expression showed no
difference between 24 and 48 hr after transfection (24 hr,

TABLE 2. ROLES OF ANALYZID GENES IN FATTY ACID METABOLISM

MDR3

MTP

CPTIA

ACO1

PPARc

PPARYy

Multidrug resistance protein 3
An ABC transporter and phospholipid lippase
Role: Phospholipid secretion into bile
Microsomal triglyceride transfer protein
A vital protein for TG incorporation into VI.DL
Role: triglyceride secretion inio blood
Liver-predominant mitochondrial carnitine palmitoyl transferase- 1
The rate-limiting enzyme of mitochondrial B-oxidation
Role: Fatty acid B-oxidation in the liver
Acyl-CoA oxidase
The rate-limiting enzyme of peroxisomal S-oxidation
Role: Fatty acid B-oxidation in the liver
Peroxisome proliferator-activated receptor o
A nuclear receplor
Role: A nuclear receptor controlling lipid metabolism-ussociated genes
Peroxisome proliferator-activated receptor y
A nuclear receptor
Role: A nuclear receptor controlling lipid metabolism-associated genes
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Fig 2. Effect of HCV core protein expression on cellular triglyceride
(TG) content. Four micrograms of pCAG-MOK (control) or pCAG-
HCVcore was transfected into HepG2 cells cultured in six-well plates
by the lipofection method. At 24 or 48 hr after transfection, cells were
collected for protein assay and lipid extraction. TG content was mea-
sured and expressed as the ratio (o the protein content. Data are shown
as values relative to those for nontransfected HepG2 cells. Each data
point represents the mean £ SD of six individual experiments. P = NS
compared with pCAG-MOK (Swdent’s #-test).
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[.31 4= 0.20 nmol/mg protein; 48 hr, 1.25 £ 0.16 nmol/mg
protein).

TG Content of HepG2 Cells. The cellular TG con-
tent at 24 hr after transfection showed no difference be-
tween HCV core transfectants (CORE) and mock trans-
fectants (MOK) as control (CORE, 1.16 £ 0.19; MOK,
1.10 4 0.13; P = 0.57). At 48 hr after transfection, the
TG content also showed no difference between the groups
(CORE, 0.8840.16; MOK, 0.9540.18; P =0.55).
Data are expressed as the ratio to nontransfected cells
(Figure 2).

Expression of Target Genes by HepG2 Cells.
At 24 hr after transfection, HCV CORE showed in-
creased expression of mRNA for PPAR y (CORE,
2.39 4 0.26; MOK, 1.98 4 0.28; P = 0.025), MDR3
(CORE, 1.3040.21; MOK, 1.0240.20; P = 0.030),
MTP (CORE, 0.37 £0.04; MOK, 0.26+0.05; P <
0.01), and ACO1 (CORE, 1.11 +0.14; MOK, 0.76 £
0.08, P < 0.01)gompared to MOK, while CPT (CORE,
1.18 £+ 0.16; MOK, 0.94 & 0.28; P = 0.102) and PPAR«
(CORE, 0.84 4 0.14; MOK, 0.69 & 0.10; P = 0.055) ex-
pression was normal (Figure 3). At 48 hr after transfec-
tion, HCV CORE showed lower expression of mRNA
for PPAR « (CORE, 0.89 - 0.02; MOK, 0.96 & 0.08;

[] PCAG-MOK

' pCAG-HCVcore

L1

mRNA level at 24 h after transfection,
ratio to non-transfected HepG2

PPARa

PPARy MDR3

MTP ACO1 CPT1a

Fig 3. Tiffect of HCV core protein expression on mRNA levels atl 24 hr afier (ransfection. Three micrograms
of pPCAG-MOK (conltrol) or pCAG-HCVcore was transfected into HepG2 cells cultured in 12-well plates by
the lipofection method. At24 hr after transfection, cells were collected for extraction of RNA. Complementary
DNA was synthesized from2 g of RNA and used for quantificd PCR with the Light-Cycler Fas-Start DNA
Master SYBR Green system. GAPDH level was measured us the internal control, and the ratio to GAPDH was
calculated For each sample. Data are shown as values relative Lo those for nontransfected HepG2 cells. Bach
data point represents the mean £ $D of 6 individual experiments. *P < 0.05 compared with pCAG-MOK

(Student’s f-test).
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Fig 4. Llfect of HCV core protein on mRINA expression at 48 hr after transfection. Three mi-
crograms of pCAG-MOK (control) or pCAG-HCVcore was transfected into HepG2 cells cultured
in 12-well plates by the lipofection method. Al 48 hr afier transfection, cells were collected and
used for RNA extraction. Complementary DNA was synthesized from 2 ug of RNA and used for
quantified PCR wilh the Light-Cycler Fast-Start DNA Master SYBR Green system. GAPDH was
measured as an internal control, and the ratio to GAPDH was calculated for each sample. Data are
shown as values relative to those for nontransfected HepG2 cells. Each data point represents the

mean == SD ol 6 individual experiments. * P -

P =0.048), MDR3 (CORE, 0.75 £ 0.06; MOK, 0.86 +
0.08; P = 0.031), and MTP (CORE, 0.69 4 0.08; MOK,
0.81 £ 0.07; P =0.016) compared with MOK, while
ACO1 returned to the control level (CORE, 0.91 £ 0.18;
MOK, 0.88 + 0.09; P = 0.70) and the CPT level was nor-
mal (CORE, 0.94 £+ 0.13; MOK, 0.86 + 0.10; P = 0.27).
Data are expressed as the ratio to nontransfected cells
(Figure 4). Experiments were repeated three times and
similar results were obtained, with statistical significance.
CYP4A11 was not detected by RT-PCR, so we could not
make a standard for the Light-Cycler.

HCYV Core Protein Expression in Mice. HCV core
protein-expressing mice looked healthy and their body
weight (BW) and liver weight remained within the normal
range (BW [g]: PBS, 22.5 &+ 0.816; AdexCAHCVcore
(CORE), 21.7 & 0.84; AdexCAlacZ (LacZ), as control,
21.5£0.71). Similar mild elevation of ALT and mild hep-
atic lymphocyte infiliration were observed in both groups
of adenovirus-infected mice, showing no differences be-
tween Core and LacZ (GPT [IU/ml]: PBS, 65 4 17.8;
CORE, 170 4= 59.4; LacZ, 142.5 + 82.2). Lipid drops
were not observed in either group (data not shown). West-
ern blot analysis revealed the HCV core protein of about
19-20 kDa (Figure 5). In preliminary experiments, ani-
mals receiving an intravenous injection of 1 x 10° pfu
developed severe hepatitis after 7 days, while animals re-
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(.05 compared with pCAG-MOK (Student’s f-test).

ceiving 1 x 10* pfu showed amild elevation of ALT, but
their HCV core protein expression (based on quantifica-
tion of mRNA and HCV core antigen) was significantly
lower at 7 days after injection. Thus, we selected injection
of 1 x 10° pfu and sacrifice at 3 days for the study protocol.

21.5kDa~—s

™

14.5kDa

AdexCAlacZ

AdexCAHCVeore

HCV core protein expression in mice

Fig 5. HCV core prolein expression in mice. AdexCAlacZ (control re-
combinant adenovirus) or AdexCAHCVcore was used 1o infect male
C57BL/6 mice (810 weeks old) by intravenous administration (1 x 10¢
pfu). Three days after infection, livers were collecled for protein assay.
Using 50 g of protein, HCV core protein expression was confirmed
by Western blotting with a mouse monoclonal antibody for HCV core
protein (19-20 kDa).
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Fig 6. Effect of HCV core prolein expression on the hepalic triglyc-
eride content in mice. AdexCAlacZ (control adenovirus) or AdexC-
AHCVeore was used (o infect mate CS7BL/6 mice (8-10 weeks old)
by intravenous administration (1 x 109 pfu). At 3 days after infection,
the livers were coliected and 100 ul of liver homogenate was used for
lipid extraction and for the protein assay. The TG content was measured
and expressed as the ratio to the protein content. Data are shown as val-
ues relative to those for noninfected mice. Each data point represents

Hepatic TG Level in Mice. Animals injected with
AdexCAHCVcore showed a 1.45-fold increase in hep-
atic TG content compared to animals injected with Adex-
CAlacZ (CORE, 1.60 &+ 0.33; LacZ, 1.10 = 0.21; P =
0.044; N = 4). Data are expressed as the ratio to nonin-
fected mice (Figure 6).

Expression of Target Genes in Mice. In the livers
of HCV core protein-expressing mice, PPAR « (CORE,
(.59 4+ 0.11; LacZ, 1.33 +0.21; P < 0.01), PPAR y
(CORE, 1.05+0.10; LacZ, 2.43£0.69; P <0.01),
Mdr2 (CORE, 0.85:0.08;, LacZ, 1.12+0.12; P =
0.011), AOX (CORE, 0.235 + 0.08; LacZ, 0.401 £ 0.07;
P = 0.02), and CPT (CORE, 1.14 4 0.14; LacZ 2.34 £
0.51; P < 0.01) were all down-regulated, while the level
of MTP mRNA was unchanged (CORE, 1.37 & 0.08;
LacZ,1.24 £ 0.17;, P = 0.22; N = 4). Dataare expressed
as the ratio to noninfected mice (Figure 7).

Hepatic TBARS Level. In the livers of HCV core
protein-expressing mice, the TBARS level was in-
creased compared with that in the control group (CORE,

the mean = SD of four individual mice. *P < 0.05 compared with 0.84 +0.08; LacZ, 0.41+ 0.01; P <001; N= 4)
AdexCAlacZ (control adenovirus) by Student’s -test. (Figure 8).
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Fig 7. Fffect of HCV core protein expression on mRNA levels in mice. AdexCAlacZ (control adenovirus)
or AdexCAHCV core was used to infect male CS7BL/6 mice (¥-10 weeks old) by intravenous adminis(ration
(1 x 109 pfu). At 3 days after infection, livers were collected for RNA extraction. Complementary DNA was
synthesized [rom 2 g of RNA and used for quantified PCR with the Light-Cycler Fast-Start DNA Master
SYBR Green system. GAPDH was measured as an internal control, and the ratio to GAPDH was calculated
for each sample. Data are shown as relative values to those for noninfected mice. Bach data point represents
the mean £ SD of four individual mice, * P < 0.05 and ** P < 0.01 compared with AdexCAlacZ (control
adenovirus) by Student’s £-test.
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Fig 8. Effect of HCV core protein expression on TBARS in the mouse
liver. AdexCAlacZ (control adenovirus) or AdexCAHCV core was used
10 infect male C57BL/6 mice (8-10 weeks old) by intravenous adminis-
tration (1 x 10° pfu). At 3 days after infection, livers were homogenized
in 10 vol of normal saline. TBARS and total protein (TP) levels were
measured as described under Materials and Methods. Data are expressed

as the ratio to the TP Ievel. Each data point represents the mean £ SD of

four individual mice. *P < 0.01 compared with AdexCAlacZ (control
adenoviras) by Student’s £-test.

DISCUSSION

HCV core protein was recently reported to cause hepatic
steatosis and induction of reactive oxygen species (ROS)
in an HCV core protein transgenic mouse model (18-20).
In the transgenic mouse model, it was also shown that a
decrease in MTP activity contributes to HCV core protein-
related steatosis, while B-oxidation is unchanged (24), but
the mechanism involved is still unclear, This study was the
first investigation of the effect of HCV core protein on the
expression of fatty acid metabolism-associated molecules
in the acute expression mice model.

Hepatic accumulation of TG is principally driven by
the following factors: (a) fatty acid overload (28, 29),
(b) inhibition of fatty acid B-oxidation (28, 29), (¢) de-
creased secretion of TG-rich very low density lipoprotein
(VLDL) (28, 29), (d) increased de novo fatty acid syn-
thesis, (e) decreased transformation to phospholipids, and
(f) a combination of these mechanisms.

In the present study, we initially tested the effect of HCV
core protein on a human cell line (HepG2). At 24 hr afier
transfection, the cellular TG level was unchanged, but the
expression of several genes that are thought to promote
fatty acid consumption (MTP, ACO1, and MDR3) was
up-regulated. At 48 hr after transfection, there was either
normal gene expression (ACO1) or a decrease in expres-
sion (PPAR«, MDR3, and MTP). At 48 hr after transfec-
tion, the level of HCV core antigen was still the same as
at 24 hr, so it seems possible that HCV core protein may
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act to down-regulate these genes over a longer period. To
further evaluate the effects of HCV core protein, we per-
formed in vivo experiments using transient expression of
HCYV core protein in mice. Although fatty change of the
liver was not seen histologically, the hepatic TG level was
increased by transient HCV core protein expression. In
addition, expression of mRNA for all of the molecules in-
vestigated, except MTP, was down-regulated by HCV core
protein expression. The mechanism involved is not under-
stood at present, but reduced expression of these genes
might contribute to hepatic TG accumulation.

CPT is the rate-limiting enzyme for mitochondrial -
oxidation (30), which is the main pathway of fatty acid
consumption and ROS production. There was a recent
report (20) that localization of HCV core protein in the
mitochondria led to the increased production of ROS, de-
creased mitochondrial membrane permeability, and im-
pairment of mitochondrial function. It remains unclear
whether ROS induces fat accumulation or whether the
accumulation of fat causes an increase in ROS, as well
as whether decreased expression of CPT-1 is the first re-
sponse to HCV core protein expression or follows other
earlier changes. However, HCV core expression seems to
contribute to hepatic accumulation of lipids and an in-
crease in ROS in mice, along with reduced expression
of various fatty acid metabolism-associated genes. AOX
is vital for peroxisomal B-oxidation (30) and it has been
reported that AOX knockout mice develop steatohepati-
tis, up-regulation of CYP4A gene expression, and in-
creased production of ROS (31). We were unable to eval-
uate CYP4AIl in the present study, but the association
of HCV-related steatosis with microsomal w-oxidation is
interesting. Mdr2 (Abcb4) is a member of the Abcb sub-
family of adenosine triphosphate-binding cassette (ABC)
transporter proteins, Mdr2 Pgp is exclusively localized
to the canalicular membrane and controls the secretion
of phospholipids into the bile (32). We thought that im-
paired biliary phospholipid secretion might have a role in
HCV-related steatosis, based on the fact that phospholipid-
associated fatty acid secretion into bile (about 25 pmol
per day) is substantial in relation to the hepatic amount of
triglyceride-associated fatty acids (about 75 jumol) (33).
We found that the expression of MDR3 and Mdr2 was
down-regulated, suggesting that reduced expression of
these genes could have a causative role in HCV-related
steatosis.

Interestingly, down-regulation of Mdr2, AOX, and CPT
in the mice was accompanied by down-regulation of
PPAR«. In mice, the other three genes are thought to un-
dergo transcriptional regulation by PPAR«x (33, 34), so
their expression might be down-regulated secondary to the
down-regulation of PPARw. HCV core protein is mainly
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localized in the cytosol, but also exists in the nucleus (35,
36), so it is possible that this protein could influence gene
transcription. Tsustumi ef al. (37) used a luciferase assay
to show that transcriptional activation of ACO-1 viaPPRE
is promoted at 24 hr after HCV core protein expression
(23). However, we found down-regulation of target gene
expression accompanied by decreased PPAR« expression
after 3 days of HCV core protein expression in mice, as
well as at 48 hr after transfection of cells. The expression
of PPAR« was reported to be under transcriptional regula-
tion by glucocorticoids (38), but the mechanism remains
unclear. Accordingly, the mechanism leading to down-
regulation of PPAR after HCV core protein expression
is also unclear. The lower expression of PPAR« and the
genes it regulates in human hepatocytes than in mouse
hepatocytes (39) could be a reason for the lack of an in-
crease in TG and the small decline in gene expression in
our cell experiment. Fibrates that bind with PPARe and
increase its activity (although not its expression) might be
useful for controlling HCV-related steatosis by increasing
the B-oxidation and bliary secretion of fatty acids.

PPARy improves insulin resistance and is also reported
to improve hepatic fibrosis and nonalcholic steatohepatitis
(40, 41). Because PPARy gene expression also showed
down-regulation by HCV core protein expression in this
study , it may be necessary to examine the role of glucose
metabolism, de novo synthesis of fatty acids from glucose,
and fatty acid flux through hepatocytes in HCV-related
steatosis.

In this study, the increase in TBARS level was found in
mice with transient expression of HCV core protein. This
suggests that ROS production might be induced by HCV
core protein expression, although no mechanistic infor-
mation for this was provided in this study. It also remains
unclear whether intrahepatic fat accumulation enhances
ROS production as reflected by an increase in TBARS
or, inversely, whether ROS production induces fatty liver
change through ROS-associated mitochondrial dysfunc-
tion. Certainly, further investigations are needed to clarify
this uncertainty, but the fact that HCV core protein ex-
pression in mice contributes to the increase in TBARS
level may partially characterize the pathogenesis of HCV-
related hepatic damage.

In summary, transient expression of HCV core protein
in mice down-regulated the expression of various lipid
metabolism-associated genes (Mdr2, CPT, and AOX). It
also caused down-regulation of PPAR expression and led
to the accumulation of TG and the induction of oxidative
stress. These findings may provide some clues to the un-
derstanding of HCV-related steatosis and to the induction
of ROS production and carcinogenesis by infection with
this virus.
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Angiotensin II Participates in Hepatic
Inflammation and Fibrosis through
MCP-1 Expression

KEISHI KANNO, MD,* SUSUMU TAZUMA, MD,t TOMOIJI NISHIOKA, MD,* HIDEYUKI HYOGO, MD,}

and KAZUAKI CHAYAMA, MD*

In this study, we assessed the hypothesis that angiotensin (Ang) IT could modulate inflammatory cell
recruitment into the liver tlnough hepatic expression of monocyte chemoattractant protein (MCP)-1
during liver injury. For in vivo study, Ang II type la knockout (AT1a KO) mice and wild- type
(WT) mice were treated with CCl, for 4 weeks. After CCly treatment, AT 1a KO mice showed lower
expression of MCP-1 and fewer CDG8-positive cells in the liver compared with WT mice. For in
vitro study, Ang IT was added to LI90 cells. Ang I enhanced MCP-1 mRNA together with RhoA
mRNA and also induced secretion of MCP-1 into the culture medium. This change was strongly
blocked by Y-27632, a specific Rho-kinase inhibitor. These results suggest that Ang II modulates
hepatic inflammation via production of MCP-1 by hepatic stellate cells, and the effect of Ang Il on
MCP-1 production is, at least partly, mediated by the Rho/Rho-kinase pathway.

KEY WORDS: renin—angiotensin system; monocyte chemoattractant protein-1; hepatic stellate cell; hepatic inflammation;
hepatic fibrosis; angiotensin ITtype la knockout mouse; small G protein; Rho/Rho-kinase pathway; carbon tetrachloride.

The renin—anigiotensin system (RAS) not only plays an
important role in the regulation of systemic hemodynam-
ics, but also functions as a growth factor in various organs,
including the vasculature, kidneys, and liver. Activated
hepatic stellate cells (HSCs), which are major producers
of extracelluar matrix after liver injury, express the an-
giotensin (Ang) II receptor (1), and inhibition of Ang II
synthesis or blockade of Ang II signaling reduces experi-
mental hepatic fibrosis (2-4). Our previous study showed
that mice lacking the Ang I type 1a receptor (AT 1a) were
resistant to the development of hepatic fibrosis after ex-
posure to carbon tetrachloride (CCly) (5). Moreover, local
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hepatic expression of key components of the RAS was
up-regulated in an animal model of bile duct ligation (6),
and the major cellular source of Ang Il in the fibrotic liver
was shown to be HSC (7). Overall, these reports support
a contribution of the RAS to hepatic fibrogenesis.
Chemokines are low molecular weight secretory pro-
teins that principally stimulate leukocyte recruitment.
There are four defined chemokine subfamilies based on
their primary structure, CXC, CC, C, and CX3C. Mono-
cyte chemoattractant protein (MCP)-1, which belongs to
the CC subfamily, regulates the recruitment and activation
of inflammatory cells, including monocytes/macrophages
and T lymphocytes (8, 9). These inflammatory cells that
infiltrate into the liver promote the progression of hep-
atic fibrosis by releasing various mediators (10). In fact,
MCP-1 expression is up-regulated in the livers of pa-
tients with active cirrohosis (11), and activated HSCs are
predominantly responsible for MCP-1 production (12).
MCP-1 is secreted by various types of cultured cells.
Among them, rat vascular smooth muscle cells (VSMCs)
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(13) and cardiac fibroblasts (14) are stimulated to produce
MCP-1 by Ang II.

A small GTPase, Rho, is thought to trigger the intra-
cellular pathways that lead to the activation of several
transcription factors and nuclear signaling. Previous stud-
ies have detected RhoA in activated HSC, and Rho sig-
naling pathways play a prominent role in the activation
of HSCs (15, 16). Administration of Y-27632, a specific
Rho-kinase inhibitor, has an inhibitory effect on the pro-
gression of experimental liver fibrosis in animal models
(17, 18). Furthermore, Rho and Rho-kinase are involved
in Ang II-induced expression of MCP-1 by VSMCs (13).

We hypothesized that Ang II may act on HSC to induce
MCP-1 during liver injury, thereby modulating inflamma-
tory cell infiltration and subsequent hepatic fibrosis. In
addition, we examined the role of Rho/Rho-kinase in Ang
[I-mediated production of MCP-1 by LI90 cells, an HSC
cell line.

MATERIALS AND METHODS

Animals. AT!a knockout (AT 1a KO) mice were established
and kindly provided by Dr. Sugaya (19). C57BL/6 mice were
obtained from Hiroshima Jikken Doubutsu (Hiroshima, Japan).
Both strains of mice had the same genetic background and an-
imals 6-8 weeks old were used in this study. The mice were
allowed free access to food and water and were housed at a con-
stant termnperature with a 12-hr light/dark cycle during the study
period. Liver fibrosis was induced by the subcutaneous injection
of CCly (Wako Pure Chemical Industries, Osaka, Japan) at a
dose of 1.0 mi/kg (1:1 in mineral oil) twice weekly for 4 weeks.
Mice were killed and livers were harvested at 3 days after the
last injection. All animal procedures were done according to our
institutional guidelines.

Immunohistological Examination. Liver tissues were fixed
in 4% paraformaldehyde, embedded in paraffin, and cut into 5-
(em-thick sections. Immunohistochemical analysis was routinely
performed using either a goat polyclonal antibody for MCP-1{
(1:100 ditution; Santa Cruz Biotechnology, Santa Cruz, CA) or
CD68 (1:50 dilution; Santa Cruz Biotechnology). Several fields
per slide were randomly selected for examination, and represen-
tative results from three animals are shown.

Cell Culture. LI90 cells (JCRBO160), which were derived
from human HSCs (20), were provided by the Japan Health
Science Foundation (Tokyo). LI90 cells were grown to conflu-
ence in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-—
Aldrich, Japan) containing 10% fetal bovine serum (FBS; Gibco,
lnvitrogen, Japan) in uncoated plastic dishes, and then growth
arrest was achieved by culture in DMEM without FBS for 2 days
before use in the experiments.

RT-PCR. The steady-state level of each messenger RNA
(mRNA) was assessed by a semiguantitative polymerase chain
reaction (PCR) using GAPDH or S-actin as the housekeeping
gene. RNA was isolated with the RNeasy Mini-kit (Qiagen,
Germany) according to the manufacturer’s instructions.
Then single-stranded complementary DNA  (cDNA) was
synthesized from 1 ug of RNA using 0.5 nmol of each
random primer and subjected to PCR. Subsequently, the
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synthesized cDNA was amplified osing specific sets of primers
for mouse MCP-1 (forward, ATGCAGGTCCCTGTCATG;
reverse, GCTTGAGGTGGTTGTGGA) (21), mouse GAPDH
(forward, TGAAGGTCGGTGTGAACGGATTTGGC; re-
verse, CATGTAGGCCATGAGGTCCACC AC) (21), human
MCP-1  (forward, GACCACCTGGACAAGCAAAC; re-
verse,, CTCAAAACATCCCAGGGGTA) (22), human RhoA
(forward, CTGGTGATTGTTGGTGATGG; reverse, GCGAT-
CATAATCTTCCTGCC) (23), and human S-actin (forward,
GACGCGGGAAATCGTGCGTGACATT;,  reverse, GATG-
GAGTTGAAGGTAGTTTCGTG) (22). The PCR procedure
used has been described previously (21-23). An aliquot (10 ;1)
of each PCR product was loaded onto a 2% agarose gel and
stained with ethidium bromide. Then the band intensities were
analyzed by densitometry.

Quantification of MCP-1 Protein by ELISA. Culture
medium of nonstimulated LI90 cells or LI90 cells stimu-
luted with Ang 11 for 2 days was collected and cenirifuged at
12,000 rpm for | min. The supernatant was stored at —80°C
until assay. MCP-1 was measured using a commercial enzyme-
linked immunosorbent assay kit (Chemicon International, USA)
according to the manufacturer’s instructions.

MF-xB Activity Assay. LI90 cells were stimulated with
10-7 M Ang U for 1 hr with or without pretreatment using
Y-27632 (Calbiochem—Novabiochem, USA}) at a concentration
of 10~3 M for 30 min. Nuclear extracts were prepared with a
Nuclear Extraction kit (Active Motif, Japan), and the protein
content was standardized. Then NF-«B activity was measured
in the nuclear extracts using an NF-« B P65 Transcription Factor
Assay kit (Chemicon International) according to the manufac-
turer’s instruction.

Siatistical Analysis. Results are expressed as the mean &
$D. Statistical analysis was performed using one-way analysis
of variance (ANOVA) and £ < 0.05 was considered to indicate
significance.

RESULTS

Hepatic MCP-1 Expression in CCly-Treated Mice.
RT-PCR revealed the up-regulation of hepatic MCP-1
mRINA expression in CCly-treated WT mice, whereas
it was negligible in CCly-treated and untreated ATla
KO mice (Figure 1). Immunohistochemical analysis also
confirmed the enhanced hepatic expression of MCP-1
profein in CCly-treated WT mice. After CCly treatment

Wt ATl KO

BACP-1

—allbp

GAPDH 032y

oA i

Fig 1. Steady-state hepatic MCP-1 mRNA expression in WT and AT la
KO mice with or without CCly treatment for 4 weeks. An aliquot of
each PCR product was loaded onto a 2% agarose gel and stained with
ethidium bromide. Amplification of GAPDH was done to confirm the
equal amounts of mRNA in each sample. The result shown here is rep-
resentative of three independent experiments.
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Fig 2. Immunohistochemical staining of MCP-1 in liver tissue from (A) a WT mouse and (B)
an AT1A KO mouse alter 4 weeks of CCly treatment (L0 ml/kg). CV, central vein. (Original

magnification, x 100.)

for 4 weeks, MCP-1 staining was prominent in the portal
tracts and fibrous septa of WT mice (Figure 2A). In con-
trast, the livers of CCly-treated AT la KO mice showed
almost no MCP-1 staining (Figure 2B) and were similar
to the livers of the untreated groups (data not shown).

Hepatic CD68-Positive Cells in CCly-Treated Mice.
As chemokines are considered to affect the recruitment
of inflammatory cells, immunohistochemistry for the ac-
tivated monocyte/macrophage marker CD68 (the main
targets of MCP-1) was performed. In CCly-treated W'T
mice, the number of CD68-expressing cells was markedly
increased in the portal tracts (Figure 3A). On the other
hand, CCly treatment had little influence on the num-
ber of CD68-expessing cells in the livers of ATia KO
mice (Figure 3B). These observations demonstrated that
the number of CD68-expessing cells in the liver was as-
sociated with the expression of MCP-1.

Effect of Ang II on MCP-1 mRNA Expression.
LISO cells were stimulated with Ang II at a concentra-
tion of 10~7 M, and MCP-1 mRNA expression was ex-

amined at the indicated times by semiquantitative PCR.
The expression of MCP-1 mRNA was enhanced, reach-
ing a peak at 3 hr and returning to the basal level after
24 hr. The time course of MCP-1 mRNA expression was
paralleled by the changes in RhoA mRNA (Figure 4A).
Then LI90 cells were incubated with various concentra-
tions of Ang 11 (L0~ to 107 M) for 3 hr. The expression
of MCP-| mRNA increased dose dependently and showed
a pattern similar to that of RhoA mRNA (Figure 4B).

MCP-1 Protein Level in Culture Medium. To as-
sess MCP-1 protein secretion into the culture medium,
LI90 cells were stimulated with various concentrations of
Ang II with or without Y-27632 pretreatment at a con-
centration of 107 M. Ang Il dose dependently increased
MCP-1 production after 48 hr of stimulation, and a sig-
nificant difference was seen at a concentration of 1077
or 107° M. Y-27632 markedly inhibited the secretion
of MCP-1 protein induced by Ang II, whereas it had
no suppressive effect on FBS-induced MCP-1 secretion
(Figure 5).

WT{X 100}

AT1a KOO X 1005

L x400)

Fig 3. Distribution of CD68-positive cells in

the liver. Immunohistocheical staining for C1368-

positive mononuclear cells was performed i liver tissue from (A) a WT mouse and (B) an
ATIA KO mouse afier 4 weeks of CCly treatment (1.0 ml/kg). CY. central vein. (Original

magnitication, x {H(0))
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Fig 4. Liffect of Ang 1L on MCP-1 mRNA expression by cultured LI9O
cells. (A) Serum-starved 1.190 cells were treated with 1077 M Ang 1l at
the indicated times, and the changes in Ang II-induced MCP-1 mRNA
expression were examined by semiquantitative PCR. (3) Scrum-starved
LI90 cells were stimulated with Ang 11 at the indicated concentrations
(10~ 10 10™% M) for 3 hr, and MCP-1 mRNA expression was examined
by semiquantitative PCR. Gels were scanned with a digital image analy-
sis system, the products were quantified, and resulls are shown relative o
the level of the housekeeping gene B-actin. Data from four independent
experiments are shown as means = SD. #P < 0.05 vs. Rho AJB-actin of
serum-Iree control; ¥ P < 0.05 vs. MCP-1/B-actin of serum-Iree control.

Effect of Ang II on NF-xB Activity in LI90 Cells.
NF-«B is the important factor involved in MCP-1 gene
transcription in several cell types. To examine whether
NF-xB participated in the induction of MCP-1 in Ang
I-stimulated LI90 cells, NF-«B activity was studied.
Growth-arrested LI9O cells were incubated with 1077 M
Ang II for 1 hr. In contrast to the up-regulation of MCP-1,
Ang 1T did not activate NF-«B in LI90 cells (Figure 6).

DISCUSSION

There is accumulating evidence that the RAS isinvolved
in hepatic fibrogenesis. Chronic liver injury up-regulates

Digestive Diseases and Sciences, Vl. 50, No. 5 (May 2005)

(pg/mb)
1400}
B vy-27632(—)
200}
1 [] v-a7632(+) .

OFBS(—) 10'M 10°M 10 10°M FBS(+)

——Ang I———
Fig . Effect of Ang II on MCP-1 secretion into the culture medium.
Serum-starved LI9O cells were stimulated for 48 hr with the indicated
concentrations of Ang ITin the absence or presence of Y-27632 (107 M).
Pata from four independent experiments are shown as means £ SD.
%P« 0.05 vs. serum-free control. # P < 0.05 vs. each group without
Y-27632.

key components of the RAS in an animal model of bile
duct ligation (6), and RAS blockade ameliorates various
types of experimental hepatic fibrosis (2-4). In patients
with early chronic hepatitis C, an AT1 receptor antagonist
decreased the area of hepatic fibrosis (24). We recently
demonstrated that mice lacking the AT 1 receptor are pro-
tected against CCly-induced hepatic fibrosis. Moreover, it
was noteworthy that inflammatory infiltrates in the livers

025 1

F-kB a
(OD 450nm/positive control)

0.05 1

FBS (= (
Y-27632 (=) (
Ang Il (=) (

(=) (=)
(=) (+)
(+) ()

Fig 6. NIxB activity in nuclear extracts of Ang [l-stimulated 1,190
cells. The cells were stimulated using Ang 1 for T hr with or without
preincubation of Y-27632 (107 M). Then nuclear profein was extracted,
and NE-«B activity was estimated. Absorbance values were standardized
according to the protein concentration. The absorbance relative to that
ol the positive control (TNFa-stimulaled whole Hela cells) from four
independent experiments is shown as the mean £ SD.
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of knockout mice were less severe compared with those in
WT mice (5). This observation is in agreement with pub-

lished data showing that prolonged systemic infusion of

Ang 1I in normal rats induces hepatic inflammation (25).
Therefore, there appears to be a close link between Ang 11
signaling and hepatic tissue inflammation.

MCP-1 is one of the potent chemokines that contributes
to the accumulation of inflammatory cells. Since the re-
cruitment of inflammatory cells depends on the expression
of chemokines and adhesion molecules, hepatic MCP-|
expression is considered to play an important role in the
pathogenesis of chronic hepatitis. MCP-1 levels have been
reported to be elevated in the liver by treatment with CCly,
endotoxin, or alcohol in experimental animals as well as
in patients with chronic hepatitis (11, 12, 26, 27). In the
present study, we demonstrated that mice lacking the AT1a

receptor showed lower expression of MCP-1 and fewer

CDG68-positive cells in the liver after chronic CCly treat-

ment. These results do not mean the total elimination of

hepatic inflammation but confirm that Ang II signaling via

ATla is critical for hepatic expression of MCP-1 and for

the recruitment of mononuclear cells into the liver. Ac-
cording to the previous report (28), Kupffer cells play a
critical role in the pathogenesis of hepatic inflammation
and fibrosis through the release of biologically active me-
diators. In this regard, Ang II modulates hepatic inflam-
mation via control of MCP-1 expression and subsequent
mononuclear cells recruitment.

HSC can amplify inflammation through the release of
chemokines such as MCP-1, and the up-regulation of

such chemokines further amplifies inflammation during
the process of liver injury (29, 30). In this study, we exam-
ined whether Ang I induces MCP-1 in cultured LI90 cells.

Ang Il enhanced the expression of MCP-1 mRNA together

Liver Injury

Local angiotensin TT

l HSCs

KANNO ET AL.

with RhoA mRNA in LI90 cells and, also, stimulated
secretion of MCP-1 protein into the culture medium in
a dose-dependent manner. Pharmacological blockade of
Rho signaling with Y-27632, a specific inhibitor of Rho-
kinase, strongly suppressed the Ang IT-induced increase in
MCP-1 production. The small G protein Rho is a member
of the Rho family of small GTPases that also includes Rac
and Cdc42. It is understood that Rho has a role in vari-
ous cell functions, such as the control of cell morphology,
proliferation, apoptosis, and regulation of various tran-
scriptional factors. Recently, considerable attention has
been paid to the role of Rho in the pathogenesis of hepatic
fibrosis. Rho is reported to regulate the activation and pro-
liferation of cultured HSC (15, 16), while administration
of Y-27632 inhibits the development of hepatic fibrosis
induced by dimethylnitrosamine (17) and CCly (18) in
animals. Furthermore, there are several lines of evidence
foraclose link between Ang IT and the Rho signaling path-
way. Ang Il activates Rho in cultured VSMCs (13) and rat
aortic endothelial cells (31), with induction of MCP-1 oc-
curring in the former cell type. Interestingly, we found that
Y-27632 did not suppress MCP-1 production when HSC
were stimulated with FBS, which contains various growth
factors. This suggests that the repressive effect of Y-27632
on MCP-1 production depends on the type of stimulation
applied to HSC.

MCP-1 is produced by various types of cells, includ-
ing HSC, monocytes, fibroblasts (14), and VSMCs (13),
in response to a number of stimuli. Since the effects
of different stimuli on MCP-1 expression are quite di-
verse among cell types, transcriptional activation gener-
ally seems to depend on an intricate series of regulatory
mechanisms. Previous studies have indicated that NF-« B
is the main factor involved in regulating the transcription

1
L_Jatir

|

Rho

}

™.

Y-27632

Rho kinase ——{ MCP-! mRNAJ

MCP-1 protein T—+
us

" nucle

Mononuclear cells
recruitment

Fig 7. Speculated mechanism of how angiotensin 11 participates in hepatic inflammation after
liver injury. Ang Il enhances MCP-1 gene expression and synthesis, partly via the Rho signaling
pathway. which modulate the recruitment of inflammatory cells into the liver. AT 1-R, angiotensin

II typel receptor; HSCs, hepatic stellate cells,
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of MCP-1 induced by LPS, IL-18, TNF-«, and phorbal
esters (32, 33). It was also reported that Ang II promotes
MCP-1 expression via activation of NF-«kB in cultured
glomerular mesangial cells (34), as well as macrophages
and VSMCs (13). Moreover, systemic Ang 11 infusion
increases the DNA-binding activity of NF-«B in ani-
mals (25). Contrary to our expectation, the present study
demonstrated that the level of NF-«B activity in LI9O
cells was not altered by Ang II. However, this result is
in agreement with the findings of a recent study using pri-
mary cultured human HSC (35), so further investigation is
needed.

In conclusion, the present study demonstrated that the
lack of Ang II signaling reduces the hepatic expression
of MCP-1 and recruitment of activated Kupffer cells
in a CCly-induced hepatic fibrosis model. In cultured
LI90 cells, it was also shown that Ang I enhances MCP-1
gene expression and synthesis, partly viathe Rho signaling
pathway (Figure 7). These findings explain the mechanism
by which inhibition of Ang IT synthesis or blockade of AT
signaling can reduce hepatic inflammation and subsequent
fibrosis.
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Suppression of Macrophage Infiltration Inhibits Activation of
Hepatic Stellate Cells and Liver Fibrogenesis in Rats
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Background & Aims: Monocytes/macrophages infiltrate
into injured livers. We tried to clarify their roles in in-
flammation and subsequent fibrogenesis by inhibiting
their infiltration with a mutated form (7ND; 7 amino
acids at the N-terminal were deleted) of monocyte che-
moattractant protein 1, which may function as a domi-
nant-negative mutant. Methods: Rats were injected via
the tail vein with an adenovirus expressing either human
7ND (Ad7ND), a truncated type Il transforming growth
factor p receptor (AdTf-TR), which works as a dominant-
negative receptor, bacterial -galactosidase (AdLacZ),
or saline. Seven days later, the rats were treated with
dimethylnitrosamine for 1-21 days. Results: Within 24
hours after a single dimethylnitrosamine injection, mac-
rophages were observed in fivers. With a 3-day dimeth-
ylnitrosamine treatment, activated hepatic stellate cells
were detectable in livers in AdLacZ-, AdTB-TR-, and
saline-injected rats. In contrast, in the Ad7ND-treated
rats, infiltration of macrophages was markedly reduced,
and activated hepatic stellate cells were not detectable.
After a 3-week dimethylnitrosamine treatment, fibro-
genesis was almost cdmpletely inhibited, and activated
hepatic stellate cells were hardly seen in livers in both
Ad7ND- and AdTB-TR-treated rats. Conclusions: Our re-
sults show that blockade of macrophage infiltration in-
hibits activation of hepatic stellate cells and leads to
suppression of liver fibrogenesis. The presence of acti-
vated hepatic stellate cells in the initial phase after
injury and its absence at a later phase in the AdTB-TR-
treated livers indicate that transforming growth factor §
is not an activating factor for hepatic stellate cells, and
this suggests that transforming growth factor § is re-
quired for the survival of activated hepatic stellate cells.
Our study suggests that infilirated macrophages may
themselves produce an activating factor for hepatic stel-
late cells.

nflammation is always accompanied by an infilcration
by leukocytes,' a process that is thought to be regulated
by chemotactic cytokines called chemokines.!* Monocyte

chemoattractant protein (MCP)-1, one of these chemo-
kines, induces infiltration by monocytes/macrophages
and lymphocytes® by binding to a specific receptor,
CCR2.12 In animal models of liver injury® and in
patients with chronic hepatitis,®” MCP-1 is detectable in
both livers and serum. Injury-induced inflammation re-
sults in tissue remodeling or liver fibrosis. However, the
actual roles performed by infiltrated monocytes/macro-
phages and MCP-1 in liver fibrogenesis are largely un-
known.

During liver fibrogenesis, hepatic stellate cells (HSC)
are activated to myofibroblast-like cells expressing o-
actin. These activated HSC and myofibroblasts already
existing in the portal field and around central veins may
play a cencral role in fibrogenesis,® after which they
produce extracellular matrix through the generation of
various cytokines, including transforming growth factor
(TGE)-B.? For fibrogenesis, HSC are considered to be the
responsible cells, and TGF-P is one of the critical factors
for fibrogenesis. In fact, when we inhibited the action of
TGF-P by using a dominant-negative murtated receptor
for TGF-B,1 the activated HSC were markedly reduced
in number, and fibrogenesis, as well as the progression of
already-established fibrosis, was almost completely sup-
pressed. =13 This shows the essential roles played by
TGE-P and HSC in fibrotic remodeling after liver injury.
However, the mechanism underlying the activation of
HSC is not fully understood, although TGF-f3 has been
believed to be an activating factor.'

In this study, to try to answer these questions, we
introduced a mutated form of MCP-1 (7ND), which is

Abbreviations used in this paper: DMN, dimethylnitrosamine; ELISA,
enzyme-linked immunosarbent assay, HSC, hepatic stellate cells;
MCP, monocyte chemoattractant protein; MO, multiplicity of infection;
TGF, transforming growth factor; TUNEL, terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling.
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considered to inhibit the action of MCP-1 as a dominant-
negative mutant,''¢ into dimethylnitrosamine (DMN)-
treated rats, an established model of liver fibrosis
with a pathology closely resembling that of human
cirrhosis.'”!® Some rats were given a dominant-negative
TGF-B receptor to eliminate signaling by TGE-f.11.12
We compared these rats in terms of (1) infilcration by
monocytes/macrophages and activation of HSC, both of
which occur in the acute phase after injury, and (2)
fibrotic changes in the chronic phase after injury. Al-
though inhibition of MCP-1 and blockade of TGF-f3
each led to a marked suppression of liver fibrogenesis, we
were interested to find that some responses in the initial
phase after injury were quite different between these 2
groups. Our study indicates that TGF-f is not an acti-
vating factor for HSC and suggests that infilcrated mono-
cytes/macrophages may produce the activating factor(s).

Materials and Methods
Preparation of Adenoviruses

Replication-defective E17 and E3™ adenoviral vectors
expressing an amino-terminal deletion mutant of human
MCP-1 (Ad7ND) with a FLAG epitope tag in its carboxyl-
terminal (complementary DNA, a generous gift from Dr. B.
Rollins, Harvard University),'>!'¢ a truncated human TGE-
type II receptor (AdTB-TR),'“~12 or bacterial B-galactosidase
(AdLacZ)'” under a CA promoter comprising a cytomegalovi-
rus enhancer and a chicken B-actin promoter?® were prepared
as previously described.?!

Detection of Mutated Human Monocyte
Chemoattractant Protein 1 (7ND) and Rat
Wild-Type Monocyte Chemoattractant
Protein 1

COS cells were infected with either Ad7ND (multi-
plicity of infection {MOI] of 1, 10, and 100) or AdLacZ (MOI
of 10), as previously described.!® One day after infection, the
medium was replaced with serum-free medium, and cells were
incubated for a further 24 hours. A mutant MCP-1 (7ND)
secreted inro culture media was analyzed by Western blotring
by using monoclonal antibodies against either FLAG (Abcam,
Cambridge, UK) or human MCP-1 (Sanbio, 5400 AM Uden,
The Netherlands), as previously described.t¥

7ND and rac MCP-1 were also detectable by enzyme-linked
immunosorbent assay (ELISA). Livers were homogenized in
phosphate-buffered saline with 1% Triton X-100, 0.1% so-
dium dodecyl sulfate, and 0.5% sodium deoxycholate. The
homogenates were centrifuged ar 20,000g for 30 minutes.
7ND and rat MCP-1 were measured in the supernatant of liver
homogenates and in sera from rats by using a human MCP-1
ELISA kit (Biosource, Camarillo, CA) and a rat kit (Biosource),
respectively, according to the manufacturer’s instructions.
These ELISA kits are species specific, and cross-reaction be-
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cween human and rat MCP-1 is less than 5%. In fact, no
human MCP-1 protein was detectable in samples from either
intact or AdLacZ-infected rats (dara not shown).

Animal Models

All animals were treated under protocols approved by
the institucional animal care committees, and the experiment
was performed under both the institutional guidelines for
animal experiments and by the Law (No. 105) and Notification
(No. 6) of the Japanese government. Male Sprague-~Dawley
rats, 10 weeks old and weighing approximately 350 g, were
given a single infusion of 0.5 mL of Ad7ND, AdTB-TR,
AdlacZ (2 X 107 plaque-forming units per milliliter), or
saline via the rail vein, as previously reported.'? By this
method, virtually all cells in the liver were infected and
expressed the introduced molecule.’’'? Seven days later, rats
were given an intraperitoneal injection of DMN (10 jg/g body
weight; Wako, Osaka, Japan) either once or at the indicated
vimes (3 consecutive daily injections or 3 consecutive daily
injections and 4 days off per week for 3 weeks), as previously
reported.“‘*“ After DMN treatment, blood was collected, and
the rats were killed. Biochemical parameters were measured by
using standard methods. The liver was either fixed with 4%
buffered paraformaldehyde for histological examination or fro-
zen immediately in liquid nitrogen for the extraction of hy-
droxyproline, the content of which was measured as described

elsewhere.22

Histological Examination

Liver sections were stained with hematoxylin or Masson
trichrome or subjected to immunochistostaining by using an-
tibodies against either CD68 (ED-1; Serotec, Raleigh, NC) or
a-actin (Dako, Tokyo, Japan). Immunoreactive materials were
visualized by using a strepravidin-biotin staining kic (Hist-
ofine SAB-PO kit; Nichirei, Tokyo, Japan) and diaminoben-
zidine. Macrophages (CDG8-positive cells) and lymphocytes
were counted by a technician blinded to the treatment regi-
men. Four random high-power (200X) fields from each section
were examined. As negative controls, immunohistostaining
was performed without the first antibodies.

Determination of Hepatic Stellate Cells in
Apoptosis

Fragmented DNA in apoptotic cells in liver sections was
scained with diaminobenzidine (datk brown) by the terminal
deoxynucleotidyl transferase—mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) technicue by using a commercially
available kit (Roche Diagnostics, Mannheim, Germany). Then,
the sections were double-stained against a-actin and visualized
with the aid of 3-amino-9-ethyl carbazole liquid substrate chro-
mogen (red; Dako). As negative controls, the TUNEL reaction
mixture was used without terminal cransferase.
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Figure 1. A mutated form of MCP-1 (7ND) is secreted from cells infected with Ad7ND. COS cells were infected either with Ad7ND or with AdLacZ

at the indicated MOI. After 48 hours, the cuiture media were subjectet to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%) and

analyzed by Western blotting by using antibodies against either (4) FLAG or (B) human MCP-1. Molecular markers are in kilodaltons.

Statistical Analysis

Staristical analysis was performed by l-way analysis of
variance followed by Scheffé’s test. P <0 .05 was considered
significant.

Resulis

A Mutant Monocyte Chemoattractant
Protein 1, 7ND, Was Secreted From
Ad7ND-Infected Cells and Detected in the
Serum and Liver of Ad7ND-Infected Rats

In the culture medium from Ad7ND-infected
COS cells, 7ND was readily detectable in an MOI-
dependent manner, as assessed by Western blotting anal-
ysis (Figure 1). Human 7ND and endogenous rat MCP-1
proteins were measured in sera (Figure 24) and liver
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Figure 2. Amounts of human 7ND and rat MCP-1 in the sera (A4) and i
(or saline infusion) via the tail vein. Seven days later, rats were subjected to a

extracts (Figure 2B) from rats infected with Ad7ND.
Seven days after gene transfer, a 3-week DMN treatment
was begun. It is interesting to note that the amount of
rat MCP-1 was not significantly changed by DMN treat-
ment in either serum or liver. 7ND reached a peak on the
seventh day after gene transfer and then declined grad-
ually; however, the values were much higher than those
obtained for rat MCP-1 in most time periods under
DMN injury.

Dimethylnitrosamine-Induced Infiltration by
Macrophages and Lymphocytes and
Activation of Hepatic Stellate Cells Were
Both Suppressed in Ad7ND-Treated Livers

Rats were infused via the tail vein with either
saline or an adenovirus expressing 1 of the following:

B (liver)
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:rs (B) of DMN-injured rats. Rats were given a single infusion of Ad7ND
Jweek DMN treatment (shown as arrows). Rats were killed 5,

7 (just before the initiation of DMN treatment), 14, 21, and 28 days aftar Ad7ND injection. Means = SD (n = 4) are shown.
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Figure 3. Infiltration of macrophages and lymphocytes into DMN-treatsd livers. Rats were given a single infusion of saline, AdLacZ, Ad7ND, or

AdTR-TR via the tail vein. Seven days later, some rats were administere
DMN (shown as without DMN; histology not shown). Twenty-four heurs
histologically examined either by immunohistostaining against CD68, to ¢
shown; original magnification, 200X). Similar histology was seen in al}
lymphocytes were semiquantitated (see Materials and Methods). Four |
and the number of cells per high-power field is shown as mean = SD. n.s

were also analyzed (shown as intact).

B-galactosidase (AdLacZ), a rruncated TGF-B recepror
(AdTB-TR), or a mutated MCP-1 (Ad7ND). Seven days
tarer (when the expression of the introduced molecules
had reached o submuaximal level), DMN was given. One
day after a single injection of DMN, we analyzed liver
sections by hematoxylin staining and immunohistoscain-

ecific marker for macro-

ing againse CDG8, which is a5

DN once (shown as with DMN) and some rats were not administerad

fter the DMN challenge, they were killed, and liver sections were
2ct macrophages (A), or by hematoxylin staining for lymphocytes (not
4 rats in each group. The numbers of (B) macrophages and {C)
in each of 4 rats (a fotal of 16 fields in each group) were examined,

., siatisticatly not significant. Rats never treated with adenovirus or DMN

The numbers of CDG68-positive cells (per high-power
field) were 29 * 3.5 in saline-treated livers, 27.5 = 2.1
mn AdLacZ-treated livers, 27.5 £ 104 in AdTR-TR-—
rreated livers, and only 7.1 *£ 1.2 in Ad7ND-treated

livees (F: 3B). Similarly, the numbers of lympho-

cytes (histology not shown) were 98 & 7.5 in saline-
rreated livers, 101 = 2.5 in AdLacZ-treated livers, 93 =+
5.5 in AdTR-TR—treated livers, and oaly 40 * 3.5 per

1
i

high-power field in Ad7ND-treared livers ~O0.
W ithout DMDPM treatment, neither ma ophages nor
lymphocyres (histology nor shown)} were in in
the livers of AdLacZ-infected, AJGTR-TR—intecred, and



