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Fig. 5. No lymphocytic infiltration and slight but not significant
increase of microhemorrhage in the brain sections. Staining with HE
(A, B), Berlin blue (G, F) and antibodies against CD3e (C, D) and
CD19 (E, F) in the sagittal brain sections of the Tg2576 mice. The
arrows in G and F show the Berlin blue positive vessels. Left panel,
3.4A10 therapeutic group; right panel, control group. Scale bar =
100 pm. HE, hematoxylin and eosin stain; BB, Berlin blue stain.

one branch of immunotherapy, unlike active immuniza-
tion, the passive immunization would not elicit unde-
sired cellular responses, and more importantly, it al-
lows us to monitor the antibody titer to modify the
dosage and frequency of antibody infusion in order to
avoid any adverse effects that might follow the pas-
sive administration of antibody without consideration
whether the vaccine could arouse the immune response
or not individually. Previous studies showed that anti-
A3 antibodies that effectively reduced amyloid burden
had the following features: 1) ability to stain senile
plaques rather than bind soluble A3; and 2) epitope
location within N-terminus of A [1,2,18]. Moreover,
the TAPIR antibody was related to the slower decline of
cognitive functions in AD patients who received active
immunization [10].

The obtained anti-human A3 mouse monoclonal an-
tibody, 3.4A 10, was selected by ELISA, but further im-
munohistochemical staining showed its ability to rec-
ognize senile plaques. The results of detection of A3
fragments by 3.4A10 with dot blot and western blot
simulated the patterns of anti-Af3;1_42 C-terminal spe-
cific antibodies, however, the competitive Biacore anal-

ysis showed that 3.4A10 only blocked the binding of
6E10, an anti-A3 N-terminal antibody, to the sensor
chip without inhibiting the binding of other two anti-
bodies that recognize the middle portion and C-terminal
portion of AB. We concluded that epitope of 3.4A10
is located in the N-terminal portion of AJ. And the
ability of 3.4A10 to inhibit A3 _4o aggregation on the
ThT spectrophotometry assay further confirmed this
conclusion as previously reported that N-terminal 3-6
amino acid residues EFRH of A3 were presented as the
epitope of its anti-aggregating antibodies [6]. More in-
terestingly, 3.4A10 had higher affinity to A31_42 than
to AB1_40, and this was consistent with the dot blot
and western blot results that 3.4A10 detected AB1_42
better than A[31_49, as well as the immunohistochemi-
cal staining results that 3.4A10 recognized less plaque
cores which contained mainly Af;_40 [17]. Similar-
ly, we also found that 3.4A 10 immunoreactivities were
rarely co-localized with von Willebrand factor-positive
blood vessels in AD brain samples (data not shown).
We termed 3.4A10 as a TAPIR-like antibody due to
above mentioned characteristics in addition to the fact
that it did not recognize native or denatured ASPPs.

We also evaluated the therapeutic effects of 3.4A10
ina small number of 18 months old Tg2576. As expect-
ed, 3.4A10 significantly decreased the amyloid burden
in brain after 8 weeks treatment by a quantitative im-
age analysis. We also measured the Af49 and AB42
contents in the brain lysates by a sensitive sandwich
ELISA assay. As 3.4A10 had more affinity to AfB42
than to AfB49, 3.4A10 significantly reduced the AfB42
levels compared to the control group, while less inter-
fered with A4 levels. It was suggested that the extra-
cellular soluble AG*56 (12mer), a 56-kD A assembly
impaired memory independently of plaques or neuron
loss [16]. 3.4A10 therapy diminished the A(3*56 levels
in the soluble fraction of brain lysates by a western blot
analysis.

The major adverse effect of passive anti-Af anti-
body therapy in the mouse model of AD is the in-
creased incidence of microhemorrhage due to the age-
related cerebral amyloid angiopathy (CAA) [25,26].
Tg2576 mouse model of AD carries Swedish muta-
tion of ABPP under control of hamster prion protein
promoter, and was found that A3;_4¢ is the predom-
inant amyloid deposit component [12]. The selective
increase of Af3;_49 results in development of high lev-
els of CAA and related cerebral microhemorrhage [25].
We investigated the microhemorrhage in the 3.4A10-
treated mice and control mice, and found that there was
slight but not significant increase in microhemorrhage.
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Fig. 6. 3.4A10 entered the brain and decorated some plaques which were surrounded with more Ibal-positive microglia. A) That 3.4A10 entered
the brain was elucidated by direct staining of the sections with Alexa 594-labeled donkey anti-mouse IgG antibody. The 3.4A10 decorated
plaques (red) were colocalized with rabbit anti-pan A antibody stained ones (green) as shown in the upper panel of A. Alexa 594-labeled donkey
anti-mouse IgG antibody did not stain any plaque in the brain sections of the control group as shown in lower panel of A. Bar = 25 um. B)
3.4A10 decorated plaques (red) were surrounded more Ibal-positive microglia (green) than 3.4A10 negative plaques in the 3.4A10 therapeutic
group, bar = 20 um. C) The numbers of microglia per plaque were compared between 3.4A10 positive and negative plaques in the 3.4A10

therapeutic group. *p < 0.001. D) There was no difference in GFAP-positive astrocytes between the two groups, bar =20 pm.

This negative result may be due to the lower affinity of
3.4A10 to AB1_40 and should be interpreted prudent-
ly. Meningoencephalitis was also reported to associate
with passive immunization [15], but we did not see any
inflammatory changes by HE staining and immunohis-
tochemical staining for T and B lymphocytes.

There have been three hypotheses used to explain
how antibodies reduced AS deposition [31]. One is
that the direct effect of antibody on A, leading to dis-
solution of amyloid fibrils [6,14,30]. The second hy-
pothesis is that anti-AS antibody induces Fc receptor
(FcR)-mediated phagocytosis of A3 by microglia [1,
27]. The third one is termed as peripheral sink hypoth-
esis, postulates that anti-A 3 antibody in the circulation

leads to a net efflux of A3 from brain to plasma [5]. Our
results suggested that all of these three possible mech-
anisms might contribute to the decreased amyloid bur-
den by 3.4A10 therapy. 3.4A10 degraded the A1 _42
fibrils in vitro; 3.4A10 entered the brain and decorated
some senile plaques which were surrounded by more
Ibal-positive microglia; 3.4A10 therapy increased the
serum A4z levels by a quantitative ELISA assay (data
not shown).

Although the clinical trial was halted, AS im-
munotherapy would still be a potential therapeutic or
preventive approach for AD. 3.4A10, the antibody we
developed in this study, recognizes N-terminal portion
of A3 with a different affinity to A species (AB1_42 >
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Fig. 7. Western blot results of A3 oligomers in TBS fraction of
the brain lysates. Compared to the control, the 3.4A10 reduced the
12mer A oligomer without obvious effects on other AS oligomer.
The sABPP and amyloid oligomers were detected by 6E10 and HRP
conjugated goat anti-mouse IgG second antibedy. a, immunoglobulin
heavy chain; b, immunoglobulin light chain.

ApB1_40), and more importantly it recognizes the senile
plaques without binding the native or denatured form
of ABPPs. The animal experiment showed its ability
to decrease brain amyloid burden in a relatively short
period (8 weeks) without any obvious side effects re-
lated to immunotherapy as previous reported. Further
intensive study should be performed in order to provide
some insights for selecting anti-Af antibodies for AD
treatment.
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Juzen-taiho-to, an Herbal Medicine, Activates and
Enhances Phagocytosis in Microglia/Macrophages

1,2 .
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Microglia are the main resident immunocompetent and phagocytic cells in the central ner-
vous system (CNS). Activated microglia could play phagocytic roles as well as mediate
inflammatory processes in the CNS. Involvement of activated microglia in the pathogene-
sis has been demonstrated in several neurological diseases including Alzheimer’s disease
(AD). Juzen-taiho-to (JTT), a traditional herbal medicine, has been reported to have
effects on activating immune responses and phagocytosis. So far, little is known about the
effects of this Kampo formulation JTT on microglia and in AD. In this report, we studied
the effects of JTT on the activation and phagocytic functions of mouse microglia and bone
marrow-derived macrophages (BMM). ITT could activate microglia, which was con-
firmed by the prominent morphological change and increased surface expression of an
activation marker CD11b. In addition, JTT was revealed to induce microglial prolifera-
tion, and enhance microglial phagocytosis of, without eliciting an excessive production of
nitric oxide. Furthermore, when mice were administrated with JTT in vivo, their BMM
showed more effective phagocytosis of fibrillar AB,4,. These findings implicate the thera-
peutic potential of JTT in AD and other neurological diseases accompanied by microglial
activation. — Juzen-taiho-to (JTT); microglia/macrophages; Alzheimer’s disease
(AD); phagocytosis; amyloid.
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Microglia are considered resident immune 1988; Raine 1994). Activated microglia have
cells of myeloid origin, that take up residence in been demonstrated to play the phagocytic role
the central nervous system (CNS) during embryo- with extracellular g-amyloid deposits in AD

genesis (Cuadros and Navascues 1998). They are (Kopec and Carroll 1998; Weldon et al. 1998).
regarded as CNS macrophages, and many studies Therefore, microglia might be a therapeutic target

gave evidence that immune reaction and inflam- for AD.

mation related with microglia play essential roles Juzen-taiho-to (Shi-Quan-Da-Bu-Tang in
in the pathological mechanism of some neurode- Chinese, JTT), a traditional herbal medicine, has
generative diseases such as Alzheimer’s disease traditionally been administered to patients with
(AD), multiple sclerosis, and so on (Rogers et al. anemia, anorexia, or fatigue. From the pharmaco-
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logic view, JTT contains various immunomodula-
tory substances. For example, ginsenoside Rhl
has anti-allergic and anti-inflammatory activities
(Park et al. 2004); glycyrrhizin extracted from
Glycyrrhizae Radix and the extracts of Astragali
Radix have anti-inflammatory activities (Shon
and Nam 2003; Matsui et al. 2004); the extracts
from Ginseng Radix, Cinnamomi Cortex,
Glycyrrhizae Radix, Radix Paeoniae, and
Astragali Radix have anti-oxidative activities
(Dhuley 1999; Baltina 2003; Keum et al. 2003;
Lee et al. 2003; Wang et al. 2003). Furthermore,
recent studies demonstrated that ginsenosides Rg3
and Rh2 inhibited the production of nitric oxide
(NO), iNOS and pro-inflammatory cytokines
TNF-¢, IL-13 in activated microglia (Bae et al.
2006). These results raised the possibility that the
Kampo formulation JTT might have an immuno-
modulatory effect on microglia/macrophages, and
might show its therapeutic potential in neurode-
generative diseases accompanied by microglial
activation, such as AD.

In this study, we examined the effects of JTT
on the activation and phagocytic functions of
microglia and bone marrow-derived macrophages
(BMM), as well as its effects on the production of
NO in microglia.

MATERIALS AND METHODS

Reagents
Synthetic human AB,.4, peptide was purchased from
Peptide Institute, Inc. (Osaka). Fibrillar AS,. (fABx)

was obtained by dissolving the synthetic human peptide
firstly in DMSO and then in Dulbecco’s PBS (250 uM)
followed by incubating at 37°C for 7 days. Lipopolysac-
charide (LPS) from Escherichia coli 055: B5 was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse CD11b monoclonal antibody was purchased from
BD Biosciences Pharmingen (San Jose, CA, USA).
Rabbit anti-Ibal (ionized calcium binding adaptor mole-
cule 1) polyclonal antibody was purchased from Wako
Pure Chemicals Industries, Inc. (Osaka). Mouse anti-
human AS monoclonal antibody: 4G8 was purchased
from Chemicon International, Inc. (Temecula, CA,
USA). Rabbit anti-Lysosome-associated membrane pro-
tein (LAMP)-2 polyclonal antibody was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Recombinant mouse granulocyte macrophage-colony
stimulating factor (GM-CSF) and recombinant mouse
macrophage-colony stimulating factor (M-CSF) were
from R & D Systems (Minneapolis, MN, USA).

Preparation of JIT

JTT, purchased from Tsumura and Co. (Tokyo), was
composed of 10 medical plants (Table 1). JTT was
prepared as follows. A mixture of Astragali Radix (3.0 g),
Cinnamomi Cortex (3.0 g), Angelicae Radix (3.0 g),
Paeconiae Radix (3.0 g), Cnidii Rhizoma (3.0 g),
Rehmanniae Radix (3.0 g), Ginseng Radix (3.0 g),
Atractylodis Lanceae Rhizoma (3.0 g), Poria (3.0 g), and
Glycyrrhizae Radix (1.5 g) was added to 285 ml of water
and extracted at 100°C for 1 hr. The extracted solution
was filtered and spray-dried to obtain the dry extract
powder (2.3 g).

TasiLe 1. The ratio of crude drugs of Juzen-taiho-to (JTT)

Crude drugs Ratio
Astragali Radix (root of Astragalus membranaceus Bunge) 3.0
Cinnamomi Cortex (bark of Cinnamomum cassia Blume) 3.0
Angelicae Radix (root of Angelica acutiloba Kitagawa) 3.0
Paeoniae Radix (rhizome of Paeonia lactiflora Pallas) 3.0
Cnidii Rhizoma (rhizome of Cnidium officinale Makino) 3.0
Rehmanniae Radix (root of Rehmannia glutinosa Liboschitz var. purpurea Makino) 3.0
Ginseng Radix (root of Panax ginseng C.A. Meyer) 30
Atractylodis Lanceae Rhizoma (rhizome of Atractylodes lancea De Candolle) 3.0
Poria (scletrotium of Poria cocos Wolf) 3.0

Glycyrrhizae Radix (root of Glycyrrhiza uralensis Fischier) 1.5
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Preparation of the JTT mixture culture medium

JTT extract powder was dissolved in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma) by stirring at
room temperature for 1 hr at a concentration of 2 mg/ml.
After dissolved, it was sonicated for 30 min (Branson
Sonifier 250, Danbury, CT, USA), and centrifuged at
3,000 rpm for 10 min (J6-HC Centrifuge, Beckman
Coulter, Fullerton, CA, USA) to remove the insoluble
materials. The supernatant was then filtered with a dis-
posable syringe filter with a 0.22 ym PVDF membrane
(Millipore, Cork, Ireland). This solution was then added
with 10% fetal bovine serum (FBS, ICN Biomedicals,
Aurora, OH, USA), 0.2% glucose and 5 ug/ml bovine
insulin to prepare the JTT mixture culture medium.

Preparation and culture of primary microglia and Ra2
cell lines

Mouse primary microglia were isolated from prima-
ry mixed glial cell cultures obtained from newborn
C57BL/6 mice by the “shaking off” method as described
previously (Suzumura et al. 1987). In brief, after the
meninges were carefully removed under microscope, the
brains were dissociated by passing it through a 258-
um-pore nylon mesh. The cell suspension was washed
twice with Hank’s balanced salt solution, triturated and
placed in 75-cm’” culture flasks at a density equivalent of
two brains per flask in 10 ml DMEM supplemented with
10% FBS, 0.2% glucose and 5 pg/ml bovine insulin. On
the 14th day, the mixed glial cell cultures were put into
Bio Shaker (TAITEC, BR-43FM, Koshigaya), and were
shaken at 37°C, 150 rpm for 3 hrs. The medium was col-
lected, centrifuged, and the harvested cells were incubat-
ed at 37°C, 5% CO, for 30 min. The attached cells were
harvested by cell scraper. The morphological change
was observed under an Olympus IX70 microscope
(Olympus, Tokyo) and recorded with a Nikon digital
camera DXM1200F (Nikon, Tokyo). The purity of cul-
tured microglia was 97-100% as determined by indirect
immunofluorescence staining with antibody to Ibal.

The microglial cell line Ra2 cells established from
neonatal C57BL/6J (H-2") mice using a non-enzymatic
and non-virus-transformed procedure (Sawada et al.
1998) were kindly provided by Dr. Sawada (Department
of Brain Function, Research Institute of Environmental
Medicine, Nagoya University, Nagoya). Ra2 cells prolif-
erated in the same culture medium as primary microglia
supplemented with 1 ng/ml GM-CSE. Before experi-
ment, the Ra2 cells were cultured without GM-CSF for
16 hrs.

Preparation and culture of bone marrow-derived macro-
phages (BMM)

12-week-old female C57BL/6 wild type mice were
used in this experiment. This experiment was performed
under the guidelines for Animal Experiments of National
Center for Geriatrics and Gerontology and approval of
the institute’s ethical committee for animal experiment.
8 mice were randomly divided into two groups. One
group (experimental group, n = 4) was given drinking
water containing 100 mg/ml of JTT. The dose was deter-
mined according to our previous study (Hara et al.
unpublished). The drinking water was prepared by the
similar protocol with the preparation of JTT mixture cul-
ture medium mentioned above. Since 20% of JTT was
removed by the procedure of sedimentation during the
preparation and each animal consumed 3 ml of the drink-
ing water per day, the average consumption of JTT was
estimated as 250 mg/day/caput. If animals spill over
about 20% of drinking water, this is about 100 times
higher than the dosage for human use. The other group
(control group, n = 4) was given plain drinking water.
After 21 days, isolation of BMM was performed by a
modified method published by Takahashi and collabora-
tors (Takahashi et al. 2007). In detail, the mice were sac-
rificed by decapitation and bone marrow cells were
freshly flushed from the medullary cavities of the femurs
and tibias with a 25 ga needle, and then filtered through a
40 ym nylon mesh. Removal of erythrocytes was per-
formed by lysis with hypotonic solution, followed by
washing twice with Dulbecco’s PBS containing 2% FBS.
The cells were then resuspended in DMEM containing
10% FBS and 10 ng/ml M-CSF in 75-cm’ culture flasks.
After 24 hrs, non-adherent celis were collected and
re-seeded in fresh 75-cm” culture flasks. Medium was
changed every three days, and BMM were collected for
fAB,-phagocytosis assay after 12 - 13 days. The purity
of BMM was more than 95% as determined by indirect
immunofluorescence staining with antibody to Ibal.

Cell proliferation (WST-1) assay

Primary microglia at a density of 2 x 10* cells/well
were plated onto a 96-well microtiter plate. Different
concentrations of JTT (10, 50, 100, 200, 400 and 600
ug/ml) or LPS (0.1 pg/ml) as positive control were added
to the culture medium for 48 hrs. Cell proliferation assay
was determined by the PreMix WST-1 cell proliferation
assay system (TaKaRa, Tokyo). This assay bases on the
cleavage of tetrazolium salts which were added into the
medium. These teterazolium salts are cleaved to forma-
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zan dye by succinate-tetrazolium reductase, which exists
in the mitochondrial respiratory chain and is active only
in viable cells. At the end of the experiments, 10 ul/well
PreMix WST-1 reagent was added followed by incubat-
ing at 37°C, 5% CO, for 4 hrs. The absorbance at the
wavelength of 450 nm was measured by a microplate
reader (model 550, Bio-Rad Laboratories, Hercules, CA,
USA).

Flow cytometric assay

Ra2 cells were treated with different concentrations
of ITT (200 and 400 pg/ml) or LPS (0.1 yg/ml) for 48
hrs. The cells were detached and single cell suspensions
were made in fluorescence activated cell sorting (FACS)
buffer consisting of Dulbecco’s PBS containing 4% FBS
and 0.1% sodium azide. The cells were then incubated
with FITC-conjugated rat anti-mouse CD11b monoclonal
antibody for cell surface staining at 4°C for 30 min.
After washed twice with FACS buffer to remove the anti-
body completely, the samples were examined by
FACSCalibur flow cytometer (BD, Franklin Lakes, NJ,
USA) and analyzed using the CellquestTM software (BD
immunocytometry system, CA, USA).

Immunofluorescence staining for fAS ,-phagocytosis assay

Both primary microglia in vitro pre-treated with
different concentrations of JTT (100, 200, 400 or 600
wug/ml) for 24 hrs or pre-treated with 200 yg/ml JTT for
different time periods (12, 24 or 48 hrs) and BMM from
two groups which were in vivo pre-administrated with or
without 100 mg/ml JTT were used for fAB4,-phagocyto-
sis assay. At the end of each treatment, the culture medi-
um was changed and fAB,, was added to a final concen-
tration of 1 4M, followed by incubation for further 3 hrs.
After fixation with 4% paraformaldehyde at 4°C for 15
min, the cells were blocked and permeabilized with PBS
containing 5% normal donkey serum, 0.5% bovine serum
albumin and 0.2% Triton X-100 at room temperature for
1 h. Microglia or BMM were then stained with anti-Ibal
antibody (1 : 250) or anti-LAMP-2 antibody (1:250),
and fAB,, was stained with 4G8 antibody (1:500) at 4°C
overnight. After 3-time washes with PBS, specific bind-
ing was detected using secondary antibodies: Alexa
488-conjugated donkey anti-rabbit IgG and Alexa
594-conjugated donkey anti-mouse IgG (Molecular
Probes, Eugene, OR, USA). After washing, the fluores-
cence was observed by an Olympus IX70 microscope
equipped with appropriate filters. The fAS,,-phagocy-
tosed microglia in each group were counted in at least

three randomly chosen areas containing more than 200
Ibal or LAMP-2 positive cells under fluorescence micro-
scope as the total cell numbers. When stained with anti-
Ibal antibody, the numbers of microglia containing en-
gulfed fAB,, were determined by counting cells with
Alexa 594 internalization around nuclei other than on the
cell surface. When stained with anti-LAMP-2 antibody,
the numbers of microglia containing engulfed fAS,, were
determined by counting cells with the colocalization of
Alexa 488 and Alexa 594 fluorescence. The percentages
of fAB.,-phagocytosed microglia pre-treated with differ-
ent concentrations of JTT were shown as means and
standard deviation (5.p.) from three independent experi-
ments with Ibal and 4G8 staining and one experiment
with LAMP-2 and 4G8 staining. While the percentages
of fAB.,-phagocytosed microglia pre-treated with 200
ug/ml JTT for different time periods were shown as
means and SD from three independent experiments with
Ibal and 4G8 staining. The percentages of fAf,,-phago-
cytosed BMM were analyzed similarly from four mice
per group with Ibal and 4G8 staining.

Nitric oxide (NO) quantification

The Griess reaction is extensively used as an indica-
tor of NO production by cultured cells. Primary microg-
lia were plated on 48-well culture plates at 1 x 10° cells/
well, and treated with or without 200 gg/ml JTT for 24
hrs. Afterwards, the culture medium was changed with
or without 10 M fAg,, for another 24 hrs incubation.
The media collected were centrifuged and the cell-free
supernatants were then quantitatively determined for
total NO production using a total NO assay kit (Endogen,
Pierce Biotechnology, Rockford, IL, USA). The assay
was carried out according to the manufacturer’s protocol.

Statistical analyses

All results were expressed as means + s.0. The
statistical significance of differences was determined by
two-tailed Student’s r-test or analysis of variance
(ANOVA) followed by the post-hoc multiple compari-
son.

RESULTS

Effects of JIT on the morphological change of
microglial activation

The effect of JTT on microglial activation
was first revealed by observing prominent mor-
phological changes of primary microglia treated
with JTT under the phase contrast microscope. It
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Fig. 1. JTT changed the morphological appearance of primary microglia. Primary microglia were
cultured for 24 hrs in (A) unstimulated condition, (B) LPS (0.1 ug/ml), (C) JTT (100 pg/ml), (D)
JTT (200 pg/ml), and (E) JTT (400 pg/ml) and observed under the phase contrast microscope. The
arrows show some of the activated microglia with amoeboid morphology. Scale bar, 50 ym.

is well known that resting microglia adopt a char-
acteristic highly ramified and elongated morpho-
logical appearance with small cell bodies, while
activated microglia undergo dramatic morphologi-
cal changes showing amoeboid morphology with
large cell bodies and short processes (Kreutzberg
1996). When we treated primary microglia with
different concentrations of JTT or LPS for 24 hrs,
we observed that they showed obvious activated
morphological appearance, particularly in 200 and
400 pg/ml JTT-treated groups (Fig. 1).

Effect of JTT on microglial proliferation and
viability

To investigate the possible role of JTT in the
proliferation and activation of microglia, next we
examined whether JTT could sustain the cell
proliferation of primary microglia by the WST-1
assay. As expected, JTT increased microglial
proliferation and viability in a slightly dose-
dependent fashion. Compared with LPS, JTT
showed similar or more promoting effects on
microglial proliferation and viability (Fig. 2).
From this result and the above morphological
change result, we chose the concentrations of 200
and 400 pg/ml for some of the following experi-
ments.
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Fig. 2. JTT induced cell proliferation of primary

microglia by the WST-1 cell proliferation
assay. Primary microglia were seeded at a
density of 2 x 10* cells/well in a 96-well
microtiter plate as described in the Materials
and Methods. After treatment with different
concentrations of JTT as well as LPS as a posi-
tive control for 48 hrs, the cultures were added
with the WST-1 reagent followed by 4 hrs
incubation, and then the absorbance at 450 nm
was measured. Mean + s.p. values from a
single experiment were obtained in triplicate.
Similar results were obtained in two separate
experiments. *p < 0.01 vs control group
(unstimulated condition) analyzed by Dunnett’s
test in ANOVA.
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Effect of JTT on the surface expression of
CDI11b

The flow cytometric assay was used to check
the expression of surface marker CD11b on
microglial cell line Ra2, which indicates the acti-
vation of microglia. Ra2 cells have been con-
firmed to have similar properties to primary
microglia, and have been generally used as the
substitutes of primary microglia in experimental
research (Ito et al. 2005, 2006; Laquintana et al.
2007; Roepstorff et al. 2007). Ra2 cells were
used in the flow cytometric assay because they
showed easily-detached property after treatment
than primary microglia. So Ra2 cells were more
suitable for this assay in order to obtain more
creditable results. Two peaks were obtained

apparently in every treated group but not in an
unstimulated condition after either 24 or 48 hrs
treatment, indicating that the latter peak should be
formed by activated cells (M1). After 24 hrs
treatment with JTT or LPS, the percentage of acti-
vated cell number and their mean fluorescence
intensity (mFI) were both increased compared to
the negative control group, but there was no sig-
nificant difference (data not shown). However,
after 48 hrs treatment, there was significant differ-
ence when the above two indexes were analyzed,
while there was no difference between the 200
and 400 pg/ml JTT treatment groups (Fig. 3).
JTT increased the cell number percentage and
mFI of M1 by about 50% and 170%, respectively,
relative to the negative control. These results
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Fig. 3. JTT increased the surface expression of CD11b. Ra2 microglial cells were treated with 200, 400
pg/ml JTT or 0.1 ug/ml LPS for 48 hrs as described in the Materials and Methods. After gently
detached, Ra2 cells were stained with FITC-conjugated anti-CD11b antibody for the FACS analy-
sis. (A) Overlay of flow cytometry histograms of untreated cells without staining (gray line),
untreated cells as control (black line), 200 xg/ml JTT-treated cells (red line), 400 zcg/ml JTT-treated
cells (yellow line) and LPS-treated cells (green line). M1, which referred to the second peak, repre-
sents the activated cells whose CD11b expression was increased. (B) The cell number percentage
of M1 in each group. (C) Mean fluorescence intensity of M1 in each group. Mean =+ s.. values
from a single experiment were performed in triplicate. Similar results were obtained in two inde-
pendent experiments. *p < 0.01 vs control group analyzed by Dunnett’s test in ANOVA.
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confirmed that JTT could induce the surface
expression of an activation marker CD11b on
microglia, but it might take at least 48 hrs to show
this effect.

Effect of JTT on Microglial Phagocytosis of
JAB4#

Since the above findings confirmed that JTT
could induce the proliferation and activation of
microglia, we next examined whether JTT could
enhance microglial phagocytosis of fAB,,. We
could see that JTT did enhance the microglial
phagocytosis of fAB4, obviously after 24 hrs treat-
ment when the concentration of JTT was higher
than 200 g/ml, but did not show a concentration-
dependent fashion (Fig. 4E). The 200 yg/ml JTT-
treated group got the highest percentage of phago-
cytosed cells of 60.5 + 5.4%, which is higher than

the negative control (33.7 + 4.4%) and the LPS
positive control (46.9 + 2.3%) by 26.8 + 1.3% and
13.6 + 6.2%, respectively. To examine whether
the effect of JTT showed time-dependent fashion,
200 pg/ml JTT was used to treat primary microg-
lia for different time periods. The 24 hrs treat-
ment group showed the highest percentage of
phagocytosed cells of 60.4 + 4.4%. No evident
time-dependent fashion was seen as shown in Fig.
4F.

Effect of JTT on BMM phagocytosis of fAS 4
The fAB,, phagocytosis was also investigat-
ed in BMM in this study. The BMM from the two
groups (four mice each) which had been pre-
administrated with or without JTT were cultured
for 12 - 13 days as described above, and then their
ability of fAf4, phagocytosis was examined using
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Fig. 4. JTT enhanced the phagocytosis of fAS,, in primary microglia. Primary microglia were treated
with JTT or LPS. Then the culture medium was changed and 1 uM fAfB4, was added for further 3
hrs incubation followed by immunofluorescence double staining as described in the Materials and
Methods. (A-D) The cells were stained with antibodies directed against Ibal and 4GS, and then
with Alexa 488 (green) and Alexa 594 (red)-conjugated secondary antibodies, respectively. Under
fluorescence microscope, colocalization of microglia and fAf4, was shown by yellow color as a
result of superimposing fluorescence images of microglia (green) and fAB4, (red). (A) Control
(unstimulated condition, 24 hrs). (B) JTT (200 ug/ml, 24 hrs). (C) JTT (400 pg/ml, 24 hrs). (D)
LPS (0.1 ug/ml, 24 hrs). (E) Microglia were treated with different concentrations of JTT or LPS for
24 hrs. Percentages of phagocytosed cells were counted. Mean + s.D. values were obtained from
three separate experiments with Ibal and 4G8 staining and one experiment with LAMP-2 and 4G8
staining (figure not shown). (F) Microglia were treated with 200 gg/ml JTT for distinct time peri-
ods (12, 24, 48 hrs) or 0.1 g/ml LPS for 24 hrs. Percentages of phagocytosed cells were counted
(figure not shown). Mean + s.b. values were obtained from three separate experiments with Ibal
and 4G8 staining. Scale bars represent 50 um. *p < 0.01 vs control group analyzed by Dunnett’s

test in ANOVA.
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Fig. 5. JTT enhanced the phagocytosis of A4, in BMM. BMM were obtained from mice with or with-
out JTT administration and cultured for about 2 weeks. Then the culture medium was changed and
1 uM fAB4, was added for further 3 hrs incubation followed by immunofluorescence double stain-
ing as described in the Materials and Methods. (A-B) The cells were stained with antibodies direct-
ed against Ibal and 4G8, and then with Alexa 488 (green) and Alexa 594 (red)-conjugated second-
ary antibodies, respectively. Under fluorescence microscope, colocalization of BMM and fAf4; was
shown by yellow color as a result of superimposing fluorescence images of BMM (green) and fAS,,
(red). (A) Control group (without JTT administration), (B) JTT administration group, (C) Percent-
ages of phagocytosed cells. Mean =+ s.p. values were obtained from four mice. Scale bars represent
50 um. #p <0.05 vs control group analyzed by two-tailed Student’s # test.

immunofluorescence double staining according to
the same protocol mentioned above. As shown in
Fig. 5, some BMM from JTT-administrated mice
showed larger cell bodies and stronger signal of
Ibal staining (Fig. 5B) compared to the control
group (Fig. 5A), as well as the higher percentage
of fAB4,-phagocytosed cells (31.6 + 3.3% vs 21.6
+ 5.2%, respectively, p < 0.05) (Fig. 5C).

Effect of JTT on NO production in primary
microglia

The effect of JTT treatment on NO produc-
tion in primary microglia was investigated by the
Griess reaction. The ratio of NO production to
the control group was shown in Fig. 6. Twenty
hundred pg/ml JTT was used to treat primary
microglia. It slightly increased NO production
but no statistical difference compared to the con-
trol group (p = 0.396), but LPS or 10 uM fAB.,
did increase (p = 0.000 and 0.008, respectively).
And between the JTT and LPS groups, there was
also significant difference (p = 0.002). In the
presence of 10 uM fAf.,, although JTT treatment
did not reduce the NO production, at least it did
not increase the NO production (p = 0.396).

DiscussioN

Microglia represent the brain innate immune
system and hence the first line of defense against
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6. JTT did not increase the production of NO

in primary microglia. Primary microglia were
treated with 200 ug/ml JTT or 0.1 ug/ml LPS
for the first 24 hrs, then the culture was contin-
ued with or without 10 uM fAp,, for another
24 hrs. The supernatants were obtained and
their contents of NO were measured by the
Griess reaction as described in the Materials
and Methods. The ratios of NO production of
each group to the control group (untreated con-
dition) were shown. Mean =+ s.p. values were
obtained from a single experiment in triplicate.
Similar results were obtained in two separate
experiments. *p < 0.01 analyzed by least
significant difference test in ANOVA. NS, not
significant.
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invading pathogens and serve as specialized
sensors for brain tissue injury (Streit et al. 2005;
Conde and Streit 2006). Under pathological
situations, such as neurodegenerative disease,
microglia become activated, migrate to and sur-
round damaged or dead cells, and subsequently
clear cellular debris from the area, similar to the
phagocytic active macrophages of the peripheral
immune system (Fetler and Amigorena 2005). At
the same time, activated microglia are also
revealed to produce NO and some kinds of pro-
inflammatory cytokines, which are considered to
enhance the inflammation and exacerbate the dis-
eases. There is considerable debate as to whether
activated microglia are beneficial or harmful in
AD. This may, however depend on the degree of
activation. Nowadays, many researchers focused
on how to inhibit microglial activation to restrain
the inflammation. But it should also be noted that
activated microglia are able to reduce A accu-
mulation by increasing its phagocytosis, clearance
and degradation (Frautschy et al. 1998; Qiu et al.
1998; Yan et al. 2003). While an exaggerated
immune response can certainly be detrimental to
the CNS, increasing evidence demonstrates that a
controlled inflammatory reaction in the brain can
be greatly beneficial to the health and proper
function of the CNS. So in the present study, we
attempted to search a way through which we can
make a controlled activation of microglia.
Among more than one hundred kinds of
herbal medicines, JTT is well known to enhance
the immunological functions (Matsumoto et al.
2000). Nowadays, since its anti-cancer effects
(Dai et al. 2001; Tagami et al. 2004) and suppres-
sive effects on toxicity of anti-cancer drugs
(Sugiyama et al. 1995a, b) were confirmed, JTT is
often clinically used for the treatment of cancer
patients. And JTT has also been demonstrated to
have influence not only on the acquired immune
system but also the innate immune response relat-
ed with macrophages (Chino et al. 2005). In the
neurological diseases, AD has been demonstrated
to be highly related with immune response and
inflammation. Preliminary results from in vivo
experiment in our laboratory supported that JTT
administration diminished the senile plaques in

AD transgenic mouse (Hara et al. unpublished
observation). These findings prompted us to clar-
ify the possible mechanism of the diminishing of
senile plaques in order to search a new possible
therapeutic way for AD.

First, we treated naive primary microglia
with different concentrations of JTT, a dramatic
morphological change from resting ramified cells
to amoeboid microglia was observed, as well as
decreased refraction and better adherent property,
obviously in 200 and 400 pg/ml groups. This
finding encouraged us to detect whether JTT acti-
vated microglia definitely.

Then the fact that JTT did activate microglia
was demonstrated by the WST-1 cell proliferation
assay and flow cytometric assay to check the sur-
face expression of an activation marker CD11b.
From the cell proliferation assay, JTT increased
microglial proliferation and viability even though
at a low concentration (10 xg/ml) with a slight
concentration-dependent fashion. In the flow
cytometric analysis, CD11b, a well-known activa-
tion marker of microglia/macrophages, was used.
As expected, two peaks appeared obviously, simi-
lar with the LPS-treated group, indicating that the
second peak represented the activated cells.
These findings revealed that the Kampo formula-
tion JTT could induce microglial proliferation and
activation.

Then, important in our experiment was the
phagocytosis-enhancing effect of JTT. There are
very limited reports about phagocytosis-enhanc-
ing effects using crude extracts or oral administra-
tion of herbal medicine. According to the previ-
ous report (Liu et al. 2005), phagocytosis might
be dissociated from inflammatory microglial
activation in relation to the AD stage. So in the
fAB,-phagocytosis assay, we chose a low (1 uM)
fAfB4, concentration. Although 100 pg/ml JTT
induced microglial proliferation, it showed no
significant effect on fAfB,4,-phagocytosis (p =
0.171); while 200 gg/ml JTT treatment increased
the percentage of phagocytosed cells by about
80% compared to the unstimulated group, indicat-
ing that to show phagocytosis-enhancing effect, a
relatively higher concentration was needed than
to induce microglial proliferation. This concen-
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tration of 200 ug/ml in in vitro experiments was
consistent with the dosage for human use and the
previous reports about the in vitro studies of JTT
(Hisha et al. 1997; Kamiyama et al. 2005).
Although 12 hrs treatment was enough to enhance
the phagocytosis, no time-dependent fashion was
detected. In recent studies, more attention was
paid on the effect of bone marrow-derived
microglia on restricting senile plaque formation
(Malm et al. 2005; Simard et al. 2006). In this
study, using M-CSF, we induced the bone marrow
stem cells or myeloid progenitor cells to differen-
tiate to macrophages, and we found that orally
administrated JTT could also enhance the phago-
cytosis of fAB,, in BMM. However, we used a
dose of 100 mg/ml according to our previous pro-
tocol. As mentioned above, this is much higher
than the dosage for human use. Although animals
were tolerated well with the dose, we need to
repeat the experiment with lower doses.

Activated microglia can produce NO and
other pro-inflammatory cytokines, most of which
are considered to be detrimental to neurons, and
play an important role in the pathogenesis of AD.
Excessive production of NO can mediate oxida-
tive stress as well as amplify inflammation cas-
cade reactions. Here we examined the NO pro-
duction as a representative index. In this assay, a
relatively higher (10 uM) fAB4, concentration was
used. First, JTT treatment did not increase the
NO production, but LPS and fAg4, did. Second,
in the presence of fABy,, although JTT pre-treat-
ment did not reduce the NO production, at least it
did not increase NO. This finding and the above
results indicated that with proper concentrations
and time periods of treatment, JTT might induce
activation and mediate phagocytosis without elic-
iting excessive production of neurotoxic NO in
microglia/macrophages.

In summary, the results of this study demon-
strated that Kampo formulation JTT could induce
microglial proliferation and activation, and also
enhance fAB,,-phagocytosis in microglia and
BMM without excessive NO production. To our
knowledge, this is the first report indicating that
JTT has enhancing effect of fAB,,-phagocytosis
on microglia/macrophages. These findings sup-

port our previous finding that JTT administration
diminished the senile plaque in AD transgenic
mouse, which might be due to the enhanced
phagocytosis of AB by microglia, and the phago-
cytosis-enhancing effect of JTT might not be
accompanied by excessive inflammatoty media-
tors’ production. This is also consistent with the
previous reports showing the anti-inflammatory
and anti-oxidative activities of the components of
JTT (Lee et al. 2003; Matsui et al. 2004). These
findings suggest that JTT administration would be
a potential therapeutic or preventive approach for
AD. Further intensive study should be performed
in order to evaluate its therapeutic effect by in
vivo study and to elucidate the underline mecha-
nism in detail.
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ARTICLE INFO ABSTRACT

Liver ischemia/reperfusion (I/R) injury, which is mainly caused by the generation of reactive oxygen species
(ROS) during the reperfusion, remains an important clinical problem associated with liver transplantation and
major liver surgery. Therefore, ROS should be detoxified to prevent hepatic I/R-induced injury. Delivery of
antioxidant genes into liver is considered to be promising for prevention of hepatic I/R injury; however,
therapeutic effects of antioxidant gene transfer to the liver have not been fully examined. The aim of this study
was to examine whether adenovirus (Ad) vector-mediated catalase gene transfer in the liver is an effective
Reactive oxygen approach for scavenging ROS and preventing hepatic I/R injury. Intravenous administration of Ad vectors
Ischemia/reperfusion expressing catalase, which is an antioxidant enzyme scavenging H,0,, resulted in a significant increase in catalase
Liver activity in the liver. Pre-injection of catalase-expressing Ad vectors dramatically prevented I/R-induced elevation
in serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, and hepatic necrosis. The
livers were also protected in another liver injury model, CCls-induced liver injury, by catalase-expressing Ad
vectors. Furthermore, the survival rates of mice subjected to both partial hepatectomy and I/R treatment were
improved by pre-injection of catalase-expressing Ad vectors. On the other hand, control Ad vectors expressing (3-
galactosidase did not show any significant preventive effects in the liver on the models of I/R-induced or CCl,-
induced hepatic injury described above. These results indicate that hepatic delivery of the catalase gene by Ad
vectors is a promising approach for the prevention of oxidative stress-induced liver injury.
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1. Introduction

Hepatic ischemia/reperfusion (I/R) injury occurs in a variety of
clinical settings, such as in liver transplantation, hepatic failure after
shock, and liver surgery, and results in severe damages that substantially
contribute to the morbidity and mortality of such cases [ 1-3]. Hepatic
I/R injury is caused by reactive oxygen species (ROS), including
superoxide anion, hydrogen oxide, and hydroxyl radical, which are
generated by reperfusion of the ischemic tissue. ROS induce lipid
peroxidation and damages to proteins and nucleic acids, leading to
parenchymal cell dysfunction and necrosis, increased vascular

* Corresponding authors. Sakurai is to be contacted at Laboratory of Gene Transfer and
Regulation, National Institute of Biomedical Innovation, 5-6-7 Saito Asagi, Ibaraki, Osaka,
567-0085, Japan. Tel.: +81 72 641 9815; fax: +81 72 641 9816. Mizuguchi, Department of
Biochemistry and Molecular Biology, Graduate School of Pharmaceutical Sciences, Osaka
University, 1-6 Yamadaoka, Suita, Osaka, 565-0871, Japan. Tel./fax: 4+-81 6 6879 8185.

E-mail addresses: sakurai@nibio.go.jp (F. Sakurai), mizuguch@phs.osaka-u.ac.jp
(H. Mizuguchi).

permeability, and inflammatory cell infiltration [4]. Therefore, ROS
should be detoxified to prevent hepatic I/R injury.

In previous animal studies, antioxidative enzyme catalase and
superoxide dismutase (SOD) were systemically administered to neu-
tralize ROS and prevent I/R-induced hepatic injury. Although catalase
and SOD are endogenously expressed in the cells, the expression levels
of these enzymes are insufficient to prevent I/R injury. Administration of
antioxidant enzymes exhibited therapeutic effects on ROS-induced
diseases, including I/R-induced hepatic injury, in several studies [5-8];
however, these enzymes are known to be rapidly eliminated from the
circulation following systemic administration, which limits their
therapeutic potential, [9,10] although chemical modification of antiox-
idant enzymes has been carried out to enhance their plasma half-lives
and tissue accessibility [5,6,9]. In addition, systemically administered
antioxidant enzymes might be degraded in the endosomes/lysosomes
because they are internalized into the cells via the endocytosis pathway.

The delivery of therapeutic genes encoding antioxidant enzymes
into the liver is considered to be a promising strategy to overcome these
problems. Previous studies have demonstrated that ROS-mediated
injury was efficiently prevented by over-expression of antioxidant

0168-3659/$ - see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
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enzymes in various tissues, including the artery, pancreatic islets, and
brain [11-13]. A variety of types of gene delivery vehicles have been
employed for delivery of antioxidative genes so far, and replication-
incompetent adenovirus (Ad) vectors have several advantages over
other vehicles to deliver antioxidant genes to the liver. First, Ad vectors
have high tropism to livers. A more than 103-fold higher transgene
expression is found in the liver, compared with other organs, following
systemic administration [14-16]. Second, non-dividing cells are
efficiently transduced with Ad vectors. Hepatocytes do not actively
divide under normal conditions. Non-viral gene delivery vehicles have
been used for prevention of hepatic I/R injury in previous studies
[17,18]; however, non-viral gene delivery vehicles mediate inefficient
transfection in non-dividing cells. Third, the Ad vector genome is not
integrated into the host genome, indicating that transduction with
Ad vectors is unlikely to induce insertional mutagenesis in hepato-
cytes. Fourth, Ad vector-mediated gene expression in liver persists
for 1-2 weeks, [19,20] in contrast, rapid reduction in plasmid DNA-
mediated transgene expression in organs is found after injection of non-
viral gene delivery vehicles [21,22]. In spite of these advantages of Ad
vectors, the ability of Ad vectors expressing antioxidant enzymes to
prevent hepatic I/R injury has not been fully examined probably because
Ad vectors are generally considered more toxic than non-viral gene
delivery vehicles; however, our group demonstrated that intravenous
administration of Ad vectors induces less amounts of inflammatory
cytokines than cationic lipid/plasmid DNA complexes [23]. In addition,
fiber-modified Ad vectors carrying a stretch of lysine residues in the C-
terminus of a fiber knob have been demonstrated to poorly activate
innate immune responses after systemic injection, compared with
conventional Ad vectors [24]. These results suggest that Ad vectors,
including fiber-modified Ad vectors, would be suitable for prevention of
I/R injury by delivering antioxidant genes to livers.

Among antioxidant enzymes, SOD is often used for detoxifying ROS
in previous studies [8,17,25,26]. SOD catabolizes superoxide anion to
H,0,; however, H,0, is converted to hydroxyl radicals, which are
extremely reactive and more toxic than other ROS. H,0, should be
removed to effectively reduce I/R injury. Another antioxidant enzyme,
catalase, prevents the generation of hydroxyl radicals by catabolizing
H,0, to H,0 and O,, suggesting that catalase is promising for prevention
of I/R injury. However, there are few studies reporting therapeutic
effects of catalase gene delivery on I/R injury [17,27].

In the present study, catalase-expressing Ad vectors were intrave-
nously pre-administered to prevent I/R-induced hepatic injury. Pre-
injection of catalase-expressing Ad vectors successfully prevented not
only I/R-induced hepatic injury but also CCly-induced liver damages.
Furthermore, mice receiving pre-injection of catalase-expressing Ad
vectors showed improved survival rates after partial hepatectomy
followed by hepatic I/R.

2. Materials and methods
2.1. Cells

A549 (a human lung adenocarcinoma epithelial cell line), HepG2
(a human hepatocellular liver carcinoma cell line), and 293 (a human
embryonic kidney cell line) cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
under 5% CO, at 37 °C.

2.2. Ad vectors

Ad vectors were constructed by means of an improved in vitro
ligation method [28-30]. Briefly, the LacZ gene, which is derived from
pCMV (Marker Gene, Inc,, Eugene, OR) and the catalase gene, which is
derived from pZEOSV2-CAT (a kind gift from Dr. . Andres Melendez,
Albany Medical College, Albany, NY) [31,32] were inserted into
pHMCAS, [33] creating pHMCA5-LacZ and pHMCA5-CAT, respectively.

pHMCAS5-LacZ and pHMCAS5-CAT were then digested with I-Ceul and PI-
Scel, and ligated with I-Ceul/PI-Secl-digested pAdHM4 [28], resulting in
pAdHM4-LacZ and pAdHM4-CAT, respectively. To generate the viruses,
Pacl-digested Ad vector plasmids were transfected into 293 cells plated
in a 60-mm dish with SuperFect (Qiagen, Inc., Valencia, CA) according
to the manufacturer's instructions. The viruses were prepared by
the standard method, then purified with CsCl, gradient centrifugation,
dialyzed with a solution containing 10 mM Tris (pH7.5), 1 mM MgCly,
and 10% glycerol, and stored in aliquots at —80 °C. The determinations
of infectious titers and virus particle (VP) titers were accomplished
using 293 cells and an Adeno-X rapid titer kit (Clontech, Mountain View,
CA) and the method of Maizel et al. [34], respectively. Catalase-, or 3-
galactosidase-expressing fiber-modified Ad vectors carrying a stretch
of lysine residues (K7 (KKKKKKK) peptide) in the C-terminus of a fiber
knob, AdK7-CAT and AdK7-LacZ, respectively, were similarly prepared
using pAdHM41K7 [35]. The ratios of the biological-to-particle titer
were 1:20, 1:31, 1:45, and 1:39 for Ad-LacZ, AdK7-LacZ, Ad-CAT, and
AdK7-CAT, respectively.

2.3. Western blot analysis for catalase expression

A549 cells were transduced with Ad vectors at 3000 VP/cell for 2 h.
Forty-eight hours later, cells were harvested and lysed with lysis buffer
(20 mM Tris-HCl (pH 8.0), 137 mM Nacl, 1% Triton X-100, 10% glycerol)
containing protease inhibitor cocktail (Sigma Chemical,, St. Louis, MO).
Equal quantities of protein (5 pig), as determined by a protein assay (Bio-
Rad, Hercules, CA), were subjected to sodium dodecyl sulfate/12.5%
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a polyvinylidene fluoride membrane (Millipore, Bedford, MA). After
blocking nonspecific binding, the membrane was incubated with anti-
catalase antibody (diluted 1/8000; Calbiochem, San Diego, CA) at room
temperature for 3 h, followed by reaction with horse radish peroxidase
(HRP)-conjugated anti-rabbit IgG (diluted 1/3000; Cell Signaling Tech-
nology, Beverly, MA) at room temperature for 1 h. The band was visu-
alized by ECL Plus Western blotting detection reagents (Amersham
Bioscience, Piscataway, NJ), and the signals were read using an LAS-3000
imaging system (Fujifilm, Tokyo, Japan). For detection of the internal
control, a polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase
antibody (diluted 1/5000; Trevigen, Gaithersburg, MD) and an HRP-
conjugated anti-rabbit IgG were used.

2.4. In vitro protective effect of catalase-expressing Ad vectors on ROS-
induced cell damage

HepG2 cells (5000 cells/well) were seeded onto a 96-well plate.
On the following day, the cells were transduced with Ad-LacZ, AdK7-
LacZ, Ad-CAT, or AdK7-CAT at 300 or 3000 VP/cell for 2 h. After a 48-
h incubation, the medium was exchanged for normal medium contain-
ing 30 mM menadione (Sigma Chemical), whichis aROS inducer. On the
following day, the cell viability was determined by Alamar blue staining
(BioSource, San Diego, CA).

2.5. Catalase activities in the liver after intravenous administration of
Ad vectors

Ad vectors (Ad-LacZ, AdK7-LacZ, Ad-CAT, and AdK7-CAT) were
intravenously administered into C57BL/6 mice (7-8-week-old females;
Nippon SLC, Shizuoka, Japan) at a dose of 1x 10'° VP/mice. Forty-eight
hours later, the livers were isolated and homogenized with 50 mM
potassium phosphate buffer containing 1 mM EDTA. The supernatants
were recovered after centrifugation of the homogenates, and catalase
activity in the supernatants was measured using a CalBiochemn Catalase
Assay Kit (Calbiochem).
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2.6. Hepatic ischemia/reperfusion experiment

Mice were intravenously administered PBS (control) or Ad vectors
via the tail vein at a dose of 10'° VP/mice. A partial hepatic ischemia/
reperfusion experiment was performed as previously described
[36,37]. Briefly, 2 days post-administration of Ad vectors, mice were
anesthetized with a peritoneal injection of pentobarbital sodium
(50 mg/kg). An incision was made in the abdomen, and all structures
in the portal triad (hepatic artery, portal vein, bile duct) were
occluded with a vascular clamp for 1 h to induce hepatic ischemia.
Then, blood was allowed to flow through the liver again by removal of
the clamp (reperfusion). After an appropriate period of reperfusion (0,
1, 6, 24 h), blood was collected via retro-orbital bleeding, and serum
was obtained by centrifugation. The aspartate aminotransferase (ALT)
and alanine aminotransferase (AST) activities in serum, as indicators
of liver injury during reperfusion, were assayed using a transaminase-
CII test (Wako, Osaka, Japan). In separate experiments, histology in the
liver sections was evaluated 24 h after reperfusion. The livers were
recovered and fixed by immersion in 10% buffered formalin, embedded
in paraffin and processed for histology. Tissue damage was assessed in
hematoxylin and eosin-stained sections. A sham surgery was performed
under anesthesia but without occluding the vessels.

2.7. CCly-induced liver injury experiment

Ad vectors were intravenously administered into mice as de-
scribed above. Forty-eight hours after Ad vector injection, CCly
dissolved in olive oil was intraperitoneally administrated to the
mice at a dose of 1 ml/kg body weight to induce acute liver failure.
Twenty-four hours after CCly administration, blood was collected via
retro-orbital bleeding, and the levels of ALT and AST in the serum
were determined as described above.

2.8. Partial hepatectomy

Ad vectors were intravenously administered into mice as de-
scribed above, Forty-eight hours after Ad vector injection, mice were
anesthetized and subjected to two-thirds hepatectomy as described
previously [38,39]. Subsequently, liver I/R was conducted by occlusion
of the blood vessel to block the blood flow into the remnant liver for
8 min followed by reperfusion as described above. After the surgery,
the mice were maintained under conventional conditions to monitor
survival rates.

2.9. Statistical analysis

Results were expressed as the means 4 S.D. Statistically significant
differences between groups were determined by the two-way
analysis of variance, followed by Student's t-test. The levels of
statistical significance were set at p<0.05 and p<0.01.

3. Results
3.1. Ad vector-mediated catalase expression in vitro

First, to examine in vitro catalase expression levels following Ad
vector infection, Western blotting analysis was performed. We
observed an apparent increase in the catalase expression after
transduction with Ad-CAT or AdK7-CAT in A549 cells (Fig. 1). In
addition, AdK7-CAT mediated higher catalase expression than Ad-
CAT, probably due to the higher transduction activity of AdK7 vectors
than conventional Ad vectors [35]. The control Ad vectors, Ad-LacZ
and AdK7-LacZ, did not increase catalase expression, indicating that
transduction with Ad vectors alone does not induce any change in the
antioxidant systems.

Next, to examine whether Ad vector-mediated over-expression of
catalase prevents ROS-induced cellular toxicity, the cells were
incubated with 30 mM menadione following transduction with Ad
vectors, and the cell viabilities were determined. It is well known that
menadione produces superoxide radicals in cells, leading to oxidative
stress-induced cell death [40,41]. As shown in Fig. 2, the cell viability
was significantly reduced to less than 50% in the presence of 30 mM
menadione. In contrast, transduction with catalase-expressing Ad
vectors dramatically improved the cell viabilities. Transduction with
Ad-CAT and AdK7-CAT at 300 VP/cell resulted in cell viabilities of
70.8% and 79.1% of the cell, respectively. These results indicate that Ad
vector-mediated over-expression of catalase is beneficial in prevent-
ing oxidative stress-induced cell death by efficiently deleting ROS.

3.2. Catalase activity in the liver following catalase-expressing Ad vector
injection

Next, to measure catalase activities in the liver following intravenous
administration of Ad vectors, the livers were recovered 48 h after Ad
vector injection, and catalase activities in the liver were determined. The
catalase activities were 2.4-fold and 4.3-fold increased following
administration of Ad-CAT and AdK7-CAT, respectively (Fig. 3). By
contrast, we found no elevation in the catalase activity by LacZ-
expressing Ad vectors. These results indicate that catalase activity in the
liver is significantly elevated by intravenous administration of catalase-
expressing Ad vectors.

3.3. Prevention of hepatic I/R injury by pre-administration of
catalase-expressing Ad vectors

To evaluate the ability of catalase-expressing Ad vectors to prevent
hepatic I/R injury, serum ALT and AST levels were measured after 1 h
of hepatic ischemia followed by reperfusion. Both serum ALT and AST
levels were highly elevated at 1h and 6 h after the reperfusion of
hepatic flows in the mice pre-injected with PBS, indicating that
hepatic injury was induced by I/R (Fig. 4). At 1 h after reperfusion, the
ALT and AST levels increased from 59.3 to 184.0 and from 421.2 to
1174.7 IU/L, respectively. However, pretreatment with Ad-CAT or
AdK7-CAT significantly reduced the serum ALT and AST levels at 6 h
after reperfusion. The ALT and AST levels in mice pre-injected with
AdK7-CAT were 3.9- and 4.4-fold lower than those in mice pre-
injected with PBS. Reductions in the ALT and AST levels were also
observed at 1 h after reperfusion, although these changes were not
statistically significant. The control Ad vectors, Ad-LacZ and AdK7-
LacZ, exhibited no suppressive effects on the I/R-induced elevation of
serum ALT and AST levels.

Furthermore, to histologically evaluate the preventive effects of
catalase-expressing Ad vectors, liver sections were prepared 24 h
after reperfusion. An extensive necrotic area was observed in the mice
pretreated with PBS or AdK7-LacZ (Fig. 5B, C). In contrast, transduc-
tion with Ad-CAT or AdK7-CAT resulted in a dramatic decrease in
the necrotic area induced by hepatic I/R (Fig. 5D, E). In particular,
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Fig. 1. Catalase expression following Ad vector transduction. A549 cells were transduced
with Ad-LacZ, Ad-CAT, or AdK7-CAT at 3000 VP/cell for 2 h. Protein samples were collected
after a 48-h incubation and analyzed by Western blotting. Lane 1, mock; lane 2, Ad-LacZ;
lane 3, AdK7-LacZ; lane 4, Ad-CAT; lane 5, AdK7-CAT. The results are representative of two
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Fig. 2. Protective effects of catalase-expressing Ad vectors against menadione-induced
cell death. HepG2 cells were transduced with Ad vectors at 300 or 3000 VP/cell for 2 h.
After a 48-h incubation, menadione was added to the medium at a final concentration
of 30 mM, and the cells were cultured for an additional 24 h. The cellular viabilities
were then determined by Alamar blue staining. The cellular viabilities were normalized
to the viability of Ad vector-infected HepG2 cells in the absence of menadione. The data
are expressed as the means+S.D. (n=4). “Significantly different from the mock-
infected group at p<0.01.

pre-injection of AdK7-CAT almost completely prevented necrosis in the
liver, although there were several small necrotic areas in the liver
pretreated with Ad-CAT, probably due to the higher transduction
efficiency and less liver toxicity profile of AdK7 vectors in the liver
compared with conventional Ad vectors [24]. A TUNEL assay indicated
that Ad-CAT and AdK7-CAT prevented the DNA fragmentation caused
by hepatic I/R in hepatocytes (data not shown). These results indicate
that the I/R-induced histological damages were also significantly
attenuated by pretreatment with catalase-expressing Ad vectors.

3.4. Preventive effect of catalase-expressing Ad vectors on CCly-induced
liver injury

To explore whether Ad vector-mediated catalase expression
prevents other types of oxidative stress-induced liver injury, CCly
was intraperitoneally injected into mice pretreated with catalase-
expressing Ad vectors. CCly is well known to produce CClz radical,
leading to acute liver injury. Serum ALT and AST levels were highly
elevated following CCly treatment in mice pretreated with PBS or
LacZ-expressing Ad vectors (Fig. 6). However, serum ALT and AST
levels were markedly reduced by pretreatment with Ad-CAT and
AdK7-CAT. AdK7-CAT mediated a 4.9-fold and 3.9-fold reduction in
serum ALT and AST levels, respectively, compared with PBS. Ad-CAT
and AdK7-CAT also mediated a dramatic improvement of CCly-
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Fig. 3. Catalase activity in the liver following intravenous administration of catalase-
expressing Ad vectors. Ad vectors were administered to mice at the dose of 1 x 10'°VP/mouse.
The livers were recovered 48 h after injection, and catalase activities in mouse liver
homogenates were determined. The data are expressed as the means+S.D. (1=5).
“'significantly different from the mock-infected group at p<0.01.
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Fig. 4. Effects of pre-administration of catalase-expressing Ad vectors on serum ALT (A)
and AST (B) levels in mice following hepatic ischemia/reperfusion injury. Ad vectors
were intravenously administered to mice at a dose of 1x 10'° VP/mice. Forty-eight
hours after Ad vector injection, mice were subjected to a 1h period of ischemia
followed by hepatic reperfusion. Serum samples were taken at 1 h before ischemia, and
0, 1, 6, and 24 h after reperfusion. The data are expressed as the mean £+ S.E. (n=3-8).
“Significantly different from the PBS-injected group at p<0.01.

induced gross abnormality in the liver (data not shown). These results
indicate that catalase-expressing Ad vectors possess preventive
effects on oxidative stress-induced injury that are distinct from their
effects on I/R injury.

Fig. 5. Representative images of liver sections of mice 24 h following hepatic ischemia/
reperfusion. A) Sham, B) PBS, C) AdK7-LacZ, D) Ad-CAT, and E) AdK7-CAT. Mice were
subjected to hepatic I/R 48 h after Ad vector injection, as described in Fig. 4. Livers were
recovered 24 h after I/R treatment, and liver sections stained with hematoxylin and
eosin were observed under a microscope. A dashed line indicates the necrotic area. The
scale bar represents 100 pm.



