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Abstract

Objective. We have previously synthesized a novel
piperidine compound, 3-[(dodecylthiocarbonyl)methyl]
glutarimide (DTCM-glutarimide), that inhibits LPS-
induced NO production, and in the present research we
studied further the anti-inflammatory activity of DTCM-
glutarimide in a macrophage cell line and in mice bearing
transplanted hearts.

Materials  and  methods Mouse  macrophage-like
RAW264.7 cells were employed for the evaluation of
cellular inflammatory activity. DTCM-glutarimide was
synthesized in our laboratory. The AP-1 activity was
measured by nuclear translocation and phosphorylation.
For the heart transplantation experiment, male C57BL/6
(H-2b) and BALB/c (H-2d) mice were used as donor and
recipient, respectively. DTCM-glutarimide was adminis-
tered intraperitoneally.

Results DTCM-glutarimide inhibited the LPS-induced
expression of iNOS and COX-2 in macrophages; but,
unexpectedly, it did not inhibit LPS-induced NF-xB acti-
vation. Instead, it inhibited the nuclear translocation of
both c-Jun and c-Fos. It also inhibited LPS-induced c-Jun
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phosphorylation. Moreover, it inhibited the mixed lym-
phocyte reaction in primary cultures of mouse spleen cells;
and furthermore, in mice it prolonged the graft survival in
heart transplantation experiments.

Conclusion The novel piperidine compound, DTCM-
glutarimide, was found to be a new inhibitor of macro-
phage activation, inhibiting AP-1 activity. It also inhibited
graft rejection in mice, and thus may be a candidate for an
anti-inflammatory agent.

Keywords DTCM-glutarimide - LPS - AP-1 -
Mixed lymphocyte reaction - Heart transplantation

Introduction

Microbial and plant-derived bioactive metabolites are a
treasure-trove of organic compounds having various
structures and biological activities. Molecular designing of
these bioactive metabolites often provides further active
and useful compounds. We have previously designed
dehydroxymethylepoxyquinomicin (DHMEQ) based on
the structure of epoxyquinomicins, which are weak anti-
biotics isolated from Amicolatopsis [1, 2]. DHMEQ
inhibits NF-xB by direct binding to NF-xB components
including p65, p50, RelB, and cRel [3], and it shows potent
anti-inflammatory and anticancer effects in animal exper-
iments [4-6]. It also prolongs the graft survival in mouse
heart transplantation experiments [7]. Since DHMEQ was
effective in suppression of many disease models, further
screening for NF-xB inhibitors was carried out in which
NF-xB activity was monitored in terms of lipopolysac-
charide (LPS)-induced NO production in macrophages.
Thereby, we isolated 9-methylstreptimidone, a known
piperidine compound (Fig. 1), from Streptomyces and
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found this NF-xB inhibitor selectively induces apoptosis in
adult T-cell leukemia cells in which NF-«B is excessively
activated [8]. Since the production of 9-methylstreptimi-
done by the producing organism is poor, we synthesized a
number of its derivatives. Among them, we found
3-[(dodecylthiocarbonyl)methyl]glutarimide (DTCM-glu-
tarimide, Fig. 1) to inhibit LPS-induced NO production
strongly in mouse macrophage RAW264.7 cells [9].

In the present research we studied further the anti-
inflammatory activity of DTCM-glutarimide in a macro-
phage cell line. This analog inhibited the expression of
INOS and COX-2, possibly due to the inhibition of AP-1
activation. It also showed anti-inflammatory activity in a
transplantation experiment.

Materials and methods
Materials

DTCM-glutarimide (3-[(dodecylthiocarbonyl)methyl]glu-
tarimide) was synthesized by us as described earlier [9].
Mouse monoclonal anti-COX-2 antibody was purchased
from BD Bioscience Pharmingen, Franklin Lakes, NI,
USA. Mouse monoclonal anti-NOS2, anti-ERK1, and anti-
p65 NF-kB and rabbit polyclonal anti-p38, anti-JNK, and
anti-c-Fos antibodies were obtained from Santa Cruz Bio-
technology, CA, USA. Rabbit polyclonal anti-phospho-
p38, anti-phospho-p44/42 MAP kinase, anti-phospho-JNK,
and anti-lamin A/C, as well as rabbit monoclonal anti-c-Jun
and anti-phospho-c-Jun antibodies, were purchased from
Cell Signaling Technology, Beverly, MO, USA. Anti-rab-
bit-IgG antibody derived from goat and anti-mouse-IgG
antibody derived from sheep were purchased from GE
Healthcare, Little Chalfont, UK. Anti-o-tubulin antibody
was purchased from Sigma-Aldrich, St. Louis, MO, USA.

Cell culture

Mouse macrophage RAW264.7 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM; Nissui, Tokyo,
Japan) supplemented with 10% fetal bovine serum (JRH
Biosciences, Lenexa, KS, USA), 200 pg/ml kanamycin
(Sigma, St. Louis, MO, USA), 100 units/m! penicillin G
(Sigma), 600 pg/ml L-glutamine (Sigma), and 2.25 g/L.
NaHCOj; at 37°C under 5% CO; plus air.

NO production assay
Cells in complete medium (1 x 10° cells/ml) were seeded

in a 96-well plate (Corning Inc., Corning, NY, USA), with
each well receiving 100 pl of the cell suspension. On the
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Fig. 1 Structures of 9-methylstreptimidone and DTCM-glutarimide

next day, the cells were treated with DTCM-glutarimide for
2 h and then stimulated with 3 pg/ml LPS for 20 h. Then
100 pl Griess reagent solution was added to each well [21].
The concentration of NO was obtained by measuring the
absorbance at 570 nm with a microplate reader.

MTT assay

Cells in complete medium (1 x 10° cells/ml) were seeded
in a 96-well plate, with each well receiving 100 pl of the
cell suspension. On the next day, the cells were treated with
DTCM-glutarimide for 2 h and then stimulated with 3 pg/
ml LPS for 20 h. Then, 10 pl of MTT (3-[4,5-dimethyl-
thiazol-2—yl]-2,5-diphenyltetrazoliumbromide) solution
was added to each well, and the cells were incubated for
4 h at 37°C under 5% CO, plus air. Subsequently, the
culture supernatant was replaced with 100 ul DMSO to
dissolve the formazan crystals made from MTT by the
enzymatic action of succinic dehydrogenase in the mito-
chondria of live cells. The absorbance at 570 nm was
measured with a microplate reader.

Western blotting

Cells in complete medium (1 x 10° or 3 x 10° cells/ml)
were seeded into 60-mm dishes (Corning). On the next day,
the cells were treated with DTCM-glutarimide for 2 h and
then stimulated with 3 pg/ml LPS for the desired times.
Then the cells were lysed with lysis buffer (20 mM Tris
[pH 8.0], 150 mM NaCl, 2 mM EDTA, 100 mM NaF,
400 uM NazVO,, 1% Nonidet P-40, 1 pg/ml leupeptin,
1 pg/ml aprotinin, and 1 mM PMSF). Total cell extracts or
nuclear extracts (about 10-30 pg of protein) were boiled in
Laemmli loading buffer and subjected to SDS-polyacryl-
amide gel electrophoresis. Proteins were transferred at
200 mA for 1 h onto Hybond-P membranes (GE Health-
care, Little Chalfont, UK). The membranes were incubated
for 30 min at room temperature (RT) for blocking in Tris-
buffered saline with Tween 20 (TBST), composed of
10 mM Tris—HCI, pH 8.0, containing 150 mM NaCl, 0.1%
Tween 20 (v/v), and 5% (w/v) nonfat dry milk. After
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having been washed for 1 h in TBST, the membrane was
incubated for 1 h at RT in a 1:3,000 dilution of a primary
antibody in TBST. After a 1 h wash in TBST, the mem-
brane was next incubated for 1 h at RT with anti-IgG rabbit
or anti-IgG mouse antibody (diluted at 1:3,000 in TBST)
linked to horseradish peroxidase. After having been
washed for 1 h in TBST, immunoreactive proteins were
visualized by use of an ECL detection system, Immobilon
Western (Millipore, Billerica, MA, USA). Exposure to RX-
U films (Fuji Film, Kanagawa, Japan) was carried out for
10 s to 10 min.

RT-PCR

Cells in complete medium (1 x 10° cells/ml) were seeded
into 60-mm dishes (Corning). On the next day, the cells
were treated with DTCM-glutarimide for 2 h and then
stimulated with 3 pg/ml LPS for the desired times. Total
cellular mRNAs were extracted from cells using Trizol
reagent (Invitrogen, Carlsbad, CA, USA), then 1 pg of
mRNA was converted to ¢DNA using High-Capacity
cDNA Reverse Transcription Kits (Life Technology,
Carlsbad, CA, USA), and 2 pl of the cDNA mixture was
used for enzymatic amplification using TaKaRa TaqTM
(Takara Bio, Shiga, Japan). The primer sequences were
5'-TTTGACCAGAGGACCCAGAG and 5-ATGGCCG
ACCTGATGTTGCC (for iNOS), 5-AGAAGGAAATGG
CTGCAGAA and 5-GCTCGGCTTCCAGTATTGAG (for
COX-2), 5-CTTCGAGCACGAGATGGCCA and 5-CC
AGACAGCACTGTGTTGGC (for B-actin).

Enzyme-linked immunosorbent assay

Cells in complete medium (4 x 10° cells/ml) were seeded
into a 48-well plate (Corning), with each well receiving
500 pl of the cell suspension. On the next day, the cells
were treated with DTCM-glutarimide for 2 h and then
stimulated with 3 pg/ml LPS for 20 h. The cell-free med-
ium was collected into a 1.5 ml tube and stored at —80°C
prior to the assay. The concentration of IL-6 was quantified
by using a commercially available sandwich-type enzyme-
linked immunosorbent assay (ELISA) kit specific for
murine IL-6 (Techne, Minneapolis, MN, USA). After the
wells had been coated with the specific antibodies, 2 h later
they were washed with wash buffer; then the thawed
medium was added to the assay wells. Next, the appro-
priate  horseradish peroxidase-conjugated polyclonal
antibody against IL-6 was added, and the plate was incu-
bated for 2 h at RT. After the wells had been washed with
Ca*", Mg*"-free PBS (PBS™)—Tween, the substrate
solution was added to the wells. The color reaction was
stopped by the addition of sulfuric acid, and the intensity
was expressed by absorbance (A450-A570) read with a

microplate reader. The standard curve for IL-6 protein was
prepared as indicated by the manufacturer, and the protein
level in the sample was calculated from this standard curve.

Immunofluorescence

Cells in complete medium (1 x 10° cells/ml) were seeded
onto glass coverslips in a 12-well plate (Corning). On the
next day, the cells were treated with DTCM-glutarimide for
2 h and then stimulated with 3 pg/ml LPS for 30 min.
Next, the cells were fixed for 10 min with 3% parafor-
maldehyde in PBS™, washed 2 times with PBS™, and
permeabilized for 5 min with 1% Triton X in PBS™. After
having been washed again 2 times with PBS™, the cells
were incubated with 10% normal blocking serum in 500 pl
of PBS™ for 20 min at RT and washed three times with
PBS™. Then, they were stained with anti-p65, anti-c-Fos
antibody (Santa Cruz Biotechnology, California, USA) or
anti-c-Jun antibody (Cell Signaling Technology, Beverly,
MA, USA) for 45 min at RT, washed 3 times with PBS™,
and stained with anti-rabbit-FITC secondary antibody
(Molecular Probes, Reiden, The Netherlands) for 1 h at
RT. After three final washings with PBS™, the cells were
photographed through B2 and UV filters at a magnifica-
tion of 400x with a camera attached to a confocal
microscope.

Nuclear protein extraction

Nuclear extracts were prepared according to the method
described before [10]. Cells (3 x 10° cells/ml) were grown
in 60-mm dishes (Corning) and incubated with the desired
chemicals. They were then harvested and washed with
phosphate-buffered saline (PBS), suspended in 400 pl of
buffer A (10 mM HEPES [pH 7.8], 10 mM KCI, 2 mM
MgCl,, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF), and
incubated on ice for 15 min. Nuclei were pelleted by
centrifugation for 5 min at 14,000 rpm, resuspended in
20-40 ul of buffer C (50 mM HEPES [pH 7.8], 50 mM
K1, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM
PMSF, 25% glycerol [v/v]), incubated on ice for 20 min,
and centrifuged for 5 min at 14,000 rpm at 4°C. The
supernatant was used as the nuclear extract.

Electrophoresis mobility shift assay (EMSA)

The binding reaction mixture contained nuclear extract
(5 pg of protein), 2 pg poly (dI-dC), and 10,000 cpm of a
P_labeled probe (oligonucleotide containing NF-xB
binding site) in binding buffer (75 mM NaCl, 1.5 mM
EDTA, 1.5 mM DTT, 7.5% glycerol, 1.5% NP-40, 15 mM
Tris—HCI; pH 7.0). Samples were incubated for 20 min at
RT in this mixture. DNA/protein complexes were separated
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Fig. 2 Inhibition of LPS-induced NO production by DTCM-glutari-
mide. a Effect on cell viability. RAW264.7 cells were incubated with
DTCM-glutarimide for 24 h (black circles) or 48 h (white circles).
Cell viability was assessed by performing the trypan blue dye
exclusion. The data are the mean £ SD of four determinations. The
solvent control did not affect the cellular viability. b Inhibition of
LPS-induced NO production. The cells were treated with DTCM-
glutarimide or 10 pg/ml (—)-DHMEQ for 2 h, then stimulated with
3 pg/ml LPS and co-incubated with each drug for 20 h. NO

from free DNA on 4% native polyacrylamide gel in
0.25 mM TBE buffer. The DNA probes used for NF-xB
binding were purchased from Promega (Madison, WI,
USA). The following sequences were used as the NF-xB
binding site: 5-AGT TGA GGG GAC TTT CCC AGG C
and 5'-GCC TGG GAA AGT CCC CTC AAC T. These
oligonucleotides were labeled with [y->>P]-ATP (3,000 Ci/
mmol; GE Healthcare, Little Chalfont, UK) by use of T4
polynucleotide kinase (Takara, Shiga, Japan), and purified
by passage through a Nick column (GE Healthcare, Little
Chalfont, UK).

In vitro kinase assay

Recombinant human JNK1a«1 (20 ng; Millipore, Billerica,
MA, USA) was incubated with 10 pCi [y-32P]-ATP
(3000 Ci/mmol; GE Healthcare, Little Chalfont, UK),
50 pM ATP (Sigma, St. Louis, MO, USA), and 2 ug
recombinant human c-Jun (Sigma) in 30 pl of kinase buffer
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production was measured by performing the Griess assay. The cell
viability in the presence of LPS was measured by use of the MTT
assay. The data are the mean =+ SD of 3 determinations. ¢ Inhibition
by DTCM-glutarimide of LPS-induced expression of iNOS and COX-
2. d Effect of DTCM-glutariomide on iNOS and COX-2 mRNA
expression. The cells were treated with DTCM-glutarimide for 2 h,
then stimulated with 3 pg/ml LPS and co-incubated with drug for
20 h

(20 mM HEPES, 10 mM MgCl2, 1 mM DTT, 1% Phos-
phatase Inhibitor Cocktail 2 [Sigma]). Reactions were
incubated at 30°C for 1 h and terminated by the addition of
Laemmli loading buffer. Proteins were separated by 10%
SDS-PAGE, and phosphorylation was visualized by
autoradiography.

Lymphocyte stimulation and mixed lymphocyte
reaction assay

Purified C57BL/6 mouse-T cells (5 x 10°/well) were
stimulated with anti-CD28 (1 pg/ml) and plate pre-coated
anti-CD3 (10 pg/ml) monoclonal antibodies, and were
cultured in 96-well flat-bottomed plates (Costar, NY,
USA). For mixed lymphocyte cultures (MLCs), irradiated
(30 Gy, "¥’Cs) BALB/c mouse splenocytes (5 x 10°/well)
were co-cultured with CS57BL/6 mouse splenocytes
(5 x 10°/well) in 96-well round-bottomed plates (Corn-
ing). The plates were incubated at 37°C under 5% CO, plus
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A < Fig. 3 Lack of NF-xB inhibition by DTCM-glutarimide. a Effect on
LPS-induced IL-6 secretion. RAW264.7 cells were pretreated with
DTCM-glutarimide or 10 pg/ml (—)-DHMEQ, and then stimulated
with 3 pg/ml LPS and co-incubated with each drug for 20 h. IL-6
secretion was assessed by performing an ELISA. The data are the
mean =& SD of three determinations. b Effect on LPS-induced NF-xB
nuclear translocation. The cells were pretreated with 3 pg/ml DTCM-
glutarimide or (—)-DHMEQ, and stimulated with LPS and co-
incubated with each drug for 30 min. Then they were stained with p65
antibody, and analyzed by fluorescence microscopy. ¢ Effect on LPS-
induced NF-xB activation assessed by use of the EMSA. Nuclear
extracts were prepared, and then mixed and incubated with a >?P-
labeled NF-xB probe for 20 min in the presence or absence of
antibody against p65
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air. Cells were pulsed with *H-thymidine (1 pCi/well) for
16 h before culture termination, and *H-thymidine incor-
poration was measured by using a f/-counter (PerkinElmer,
Boston, MA, USA).

LPS

B control LPS

Cardiac transplantation and treatment protocol

Male C57BL/6 (H-2°) and BALB/c (H-2%) mice (SLC
Inc., Shizuoka, Japan) was used as donor and recipient,
respectively. Heterotopic heart transplantation was per-
formed according to the method previously described by
' e Corry et al. [11]. Cardiac recipients were treated with
LPS + DTCM-glutarimide LPS + (-)-DHMEQ either DTCM-glutarimide (10-60 mg/kg/day) or control
" vehicle (0.5% CMC). These agents were administered
intraperitoneally, from day O to day 13. Graft beating was
monitored by daily palpation, and was scored +1 to -+4
based on the strength of graft contraction. Rejection was
defined as cessation of beating, which was confirmed by
direct inspection followed by histopathologic examina-
tion. Graft survival time was plotted by the Kaplan-Meier
method, and a log-rank test was applied for comparison.
A P value of less than 0.05 was considered statistically
c LPS significant.
DTCM-glutarimide (ug/ml) The animal experiments were approved by the Institu-
tional Animal Care and Use Committee, and were
conducted under the guidelines of our animal care policy.

c 0 0.3 1 3 ()-DHMEQ p65AD

Histology and immunohistochemistry

Cardiac graft was excised at the time of animal death.
Tissues were fixed in 10% formalin, embedded in paraffin,
and stained with hematoxylin and eosin (H&E). Graft
samples were also embedded in an optimal cutting tem-
perature compound, frozen in liquid nitrogen, and stored at
—80°C. Frozen sections were stained with anti-CD4
(GK1.5: Santa Cruz Biotechnology, Santa Cruz, CA) and
CD8 (KT15: AbD Serotec, Oxford, UK) Abs using the
avidin-biotin complex method as previously described
[12]. Positive cells were counted in three different high
power fields (HPFs; magnification x400).

@ Springer

—100—



884

M. Takeiri et al.

LPS
A control LPS

EX
DTCM-glutarimide

c-Jun §

c-Fos

B LPS 3 pg/mi
DTCM-glutarimide
{ug/ml)

3* 03 1 3

solvent

0.3 1

B
p-c-Jun(Seré3)

c-Jun ;
a-tubulin

Fig. 4 Inhibition of LPS-induced AP-1 activation by DTCM-glutari-
mide. a Inhibition of LPS-induced nuclear translocation of c-Jun and
c-Fos. Cells were pretreated or not with 3 pg/ml DTCM-glutarimide,
stimulated or not with LPS and co-incubated with each drug for
30 min, and then analyzed by fluorescence microscopy. b Inhibition
of c-Jun phosphorylation. Total cell extracts or nuclear extracts were
prepared for Western blotting analysis. The proteins were immuno-
blotted with the indicated antibodies. The asterisk indicates the effect

Results

Inhibition of LPS-induced NO production and iNOS
expression by DTCM-glutarimide

As shown in Fig. 2a, DTCM-glutarimide did not decrease
the viability of RAW264.7 cells after 24 or 48 h when used
at concentrations below 3 pg/ml. DTCM-glutarimide at
1-3 pg/ml clearly inhibited the LPS-induced NO produc-
tion without any toxicity, just as did the NF-xB inhibitor
(—=)-DHMEQ [1-3], as shown in Fig. 2b. NO is produced
mainly by inducible NO synthase (iNOS). LPS induced
iNOS expression, which was strongly inhibited by DTCM-
glutarimide (Fig. 2c). As the mechanism of inhibition,
DTCM-glutarimide inhibited the iNOS mRNA expression
(Fig. 2d). The analog also inhibited LPS-induced cyclo-
oxygenase (COX)-2 protein expression weakly, but it did
not inhibit the mRNA expression.

Lack of NF-xB inhibition by DTCM-glutarimide

IL-6 secretion is highly dependent on NF-xB, especially
in RAW264.7 cells. Unexpectedly, DTCM-glutarimide
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of DMSO alone at 0.3, 1, and 3 pg/ml DTCM-glutarimide; 0.3 (3 pl/
ml), 1 (10 plV/ml), and 3 (30 pl/ml). ¢ Effect on LPS-induced
activation of MAPKs. Activation of MAPK proteins was measured
in terms of the phosphorylation of each protein, as assessed by
Western blot analysis. d Effect on JNK activity in vitro. Recombinant
JNK1 and c-Jun were incubated with radioactive ATP for 1 h.
Proteins were separated by SDS-PAGE, and phosphorylated c-Jun
was visualized by autoradiography

did not inhibit LPS-induced IL-6 secretion at all, unlike
(—)-DHMEQ (Fig. 3a). Then we studied the inhibition of
NF-xB and found that its nuclear translocation was not
inhibited by DTCM-glutarimide, as shown in Fig. 3b.
Furthermore, the LPS-induced activation of NF-xB
detected by EMSA was not inhibited by the analog
(Fig. 3c).

Inhibition of LPS-induced AP-1 activation by DTCM-
glutarimide

INOS expression is positively regulated by transcription
factors including NF-xB and also AP-1 [13]. LPS induced
the nuclear translocation of AP-1 components c-Jun and
c-Fos in RAW264.7 cells, and DTCM-glutarimide at 3 pg/
ml clearly inhibited this translocation of both of them in the
immunofluorescence assay, as shown in Fig. 4a. The
phosphorylation of AP-1 components is known to occur
before their nuclear translocation. By Western blot analy-
sis, we found that DTCM-glutarimide inhibited the
phosphorylation of c-Jun (Fig. 4b). In Fig. 4b, we con-
firmed the effect of solvent alone to exclude the solvent
effects. In other experiments, we used DMSO at lower
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Fig. 5 Inhibition of mixed lymphocyte reaction and of graft rejection
by DTCM-glutarimide. a Cytotoxicity of DTCM-glutarimide toward
the responder C57BL/6 spleen cells. DTCM-glutarimide was added to
the cells, which were then incubated for 6 h, after which the viability
was assessed by performing the MTT assay. Values are the means and
SD of three determinations. *P < 0.05. b Inhibition of the mixed
lymphocyte reaction by mouse spleen cells. The responder C57BL/6
and stimulating BALB/c cells were co-cultured for 48 or 72 h. MLR
was assessed by thymidine incorporation. Values are the means and
SD of three or four determinations. *P < 0.05, **P < 0.005.
¢ Inhibition of proliferation of purified T cells. Purified C57BL/6 T
cells were stimulated with 1 pg/ml CD28 in plates precoated with
anti-CD3 in the presence of DTCM-glutarimide for 48 h. The
proliferation was measured by thymidine incorporation. Each value

concentrations. On the other hand, it had no effect on the
activation of MAPKs including p38, ERK, and JNK
(Fig. 4c), so we expect that DTCM-glutarimide would
inhibit the kinase activity of JNK. But it did not inhibit the
phosphorylation of c-Jun by JNK in vitro (Fig. 4d). Thus, it
is likely that DTCM-glutarimide would inhibit AP-1 acti-
vation by inhibition of the cofactors for JNK.

is the mean and SD of four4 determinations. *P < 0.005. d Inhibition
of graft rejection by DTCM-glutarimide in mouse heart transplanta-
tion. As in the case of the donor/recipient strains of cells used in the
MLR, the hearts of BALB/c (H-2d) mice were transplanted into
C57BL/6 (H-2b) mice. DTCM-glutarimide at 10-60 mg/kg was given
intraperitoneally every day from just before the transplantation.
e Histology of cardiac grafts following transplantation. Cardiac
allografts were stained with H&E (original magnification: x100 or
%400), anti-CD4 (x400), or anti-CD8 Abs (x400). Representative
photographs of four independent grafts on day 5 are shown. f The
numbers of CD4™ and CD8* cells in graft sections were counted in
three different high power fields (HPF) and then quantified. Each bar
represents the mean &= SEM of four independent experiments.
*P < 0.05 versus control. (CTR control)

Inhibition of mixed lymphocyte reaction by DTCM-
glutarimide

The mixed lymphocyte reaction (MLR) is known to be
positively regulated by AP-1[14, 15]. We employed spleen
cells from C57BL/6 mice as responder cells and irradiated
spleen cells from BALB/c mice as the stimulating cells.
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Table 1 Amelioration of mouse cardiac allograft survival by DTCM-
glutarimide treatment

DTCM-glutarimide N Survival (days) Median

(mg/kg) survival (days)
0 6 6,6,6,6, 7,7 6.0

10 4 8,8, 10, 12 9.0*

20 4 12, 13, 14, 15 13.5%

40 4 15, 19, 19, 21 19.0%

60 4 15, 16, 20, 21 18.0%

# P < 0.05 versus control

When C57BL/6 spleen cells were incubated with DTCM-
glutarimide for 6 h, their viability was not affected even at
12.5 pg/ml, as assessed by MTT analysis (Fig. 5a). The
responder and stimulating cells were co-cultured for 48 or
72 h. DTCM-glutarimide at 5-12.5 pg/ml inhibited the
MLR assessed by thymidine incorporation (Fig. 5b). As the
MLR is dependent on responder T cell proliferation, we
measured the effect of DTCM-glutarimide on the prolif-
eration of C57BL/6 T cells purified by use of an
enrichment column. The cells were then stimulated with
anti-CD28 and anti-CD3 for 48 h. As shown in Fig. Sc, at
concentrations of 5 pg/ml and above, DTCM-glutarimide
inhibited the proliferation.

Inhibition of graft rejection by DTCM-glutarimide
in mouse heart transplantation

The hearts of BALB/c (H-2d) mice were transplanted to
C57BL/6 (H-2b) mice. DTCM-glutarimide at 10-60 mg/kg
was given intraperitoneally every day from just before the
transplantation. As shown in Fig. 5d and Table 1, at
1040 mg/kg the analog prolonged the graft survival dose
dependently. The effect appeared to be saturated at 40 mg/
kg, and no toxicity was observed during the experiment
even at 60 mg/kg. We also looked into the histology of
cardiac sections. As shown in Fig. Se and f, the numbers of
CD4-positive and CD8-positive cells were reduced by the
treatment of 20 or 40 mg/kg DTCM-glutarimide.

Discussion

The free radical NO produced by eNOS often plays an
important role in regulating many physiological functions
such as vasodilation and neurotransmission. However,
overproduction of NO by iNOS in macrophages often
provokes inflammatory diseases including atherosclerosis,
rheumatoid arthritis, diabetes, septic shock, transplant
rejection, and multiple sclerosis. Therefore, suppression of
iNOS expression might be important for the treatment of
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inflammatory disorders {16, 17]. Since DTCM-glutarimide
inhibits the expression of iNOS, it would be a possible
candidate for use as an anti-inflammatory agent. Cyclo-
oxygenase (COX) is a key enzyme catalyzing the rate-
limiting step in the biosynthesis of prostaglandins from
arachidonic acid [18, 19]. COX-2 often plays a key role in
inflammation and also tumorigenesis [20, 21]. Because
DTCM-glutarimide lowered the COX-2 expression
(Fig. 2¢), it may be a potential drug for treating inflam-
matory and neoplastic diseases.

Being a 9-methylstreptimidone derivative, DTCM-glu-
tarimide inhibited the expression of iNOS and COX-2; but,
unexpectedly, it did not inhibit the LPS-induced IL-6
secretion and NF-xB activation at all, unlike the NF-xB
inhibitor (—)-DHMEQ (Fig. 3a—c). Next, we examined the
effect of DTCM-glutarimide on the activation of AP-1,
because the promoter regions of both the iNOS and COX-2
genes contain the binding sites for NF-kB and AP-1 [22,
23]. As shown in Fig. 4a-b, DTCM-glutarimide inhibited
AP-1 activation at concentrations that inhibited NO pro-
duction and the expression of iNOS and COX-2.

AP-1 is a heterodimer consisting of a member of the Jun
family proteins and one of the Fos or ATF family proteins.
A Jun/Jun homodimer is also possible [24]. The Jun family
proteins include c-Jun, JunB, and JunD [24]; the Fos family
ones, c-Fos, FosB, Fra-1, and Fra-2 [25-28]; and the ATF
family ones, ATF-2, ATF-3/LRF1, and B-ATF [29-31].
Each AP-1 protein is phosphorylated in the cytoplasm, and
enters the nucleus to form the dimer. The Jun/Fos complex
mainly binds to the TPA-responsive element (TRE); and
the Jun/ATF complex, to the cyclic AMP-responsive ele-
ment (CRE; 24, 28). The c-Jun/c-Fos heterodimer is the
most common form of AP-1.

Activation of JNK leads to the phosphorylation of ¢-Jun
and an increase in the transcriptional activity of AP-1 [32].
Our finding that DTCM-glutarimide inhibited the cellular
phosphorylation of c-Jun (Fig. 4b) indicates that the inhi-
bition of AP-1 activation by this compound would be due
to inhibition upstream of the c-Jun phosphorylation. We
demonstrated that DTCM-glutarimide did not affect the
activation of various MAPKs (Fig. 4¢), and also did not
inhibit the phosphorylation of recombinant c-Jun by
recombinant JNK (Fig. 4d). Therefore, it is possible that
DTCM-glutarimide would inhibit the cofactor activity of
JNK. The effect of DTCM-glutarimide on AP-1 compo-
nents other than c-Jun and the molecular target remain to
be studied.

DTCM-glutarimide inhibited the MLR reaction and
purified T-cell proliferation. Also, in the in vivo study, it
increased the graft survival time of transplanted hearts in
mice. The effective dose of DTCM-glutarimide at
10-60 mg/kg did not show any toxicity. Thus, DTCM-
glutarimide may be stable in the animal body and
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distributed widely to the organs. Histological observation
indicated that treatment with DTCM-glutarimide lowers
the number of CD4- and CD8-positive cells in the cardiac
section. The mechanism of MLR inhibition and graft sur-
vival may also include some activity of DTCM-glutarimide
other than AP-1 inhibition.

A small molecular weight AP-1 inhibitor, T-5224, was
designed to interact with AP-1 proteins, and it inhibits
rheumatoid arthritis in animals [33]. Compared with
T-5224, DTCM-glutarimide is likely to inhibit AP-1
functions by a different mechanism. Moreover, having a
simpler structure, it may be more advantageous than
T-5224, because DTCM-glutarimide is more easily
prepared.

In conclusion, DTCM-glutarimide inhibited the expres-
sion of iNOS and COX-2 in a mouse macrophage cell line
RAW264.7. The effect may have been partly due to the
inhibition of AP-1 activity. Furthermore, it extended the
survival time of transplanted hearts in mice. Although the
precise mechanism of its anti-inflammatory activity
requires further studies, DTCM-glutarimide may be a new
candidate as an anti-inflammatory agent.
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Currently, patients with peritoneal dissemination of gastric cancer
must accept a poor prognosis because there is no standard effec-
tive therapy. To inhibit peritoneal dissemination it is important to
inhibit interactions between extracellular matrices (ECM) and cell
surface integrins, which are important for cancer cell adhesion.
Although nuclear factor-kappa B (NF-kB) is involved in various pro-
cesses in cancer progression, its involvement in the expression
of integrins has not been elucidated. We used a novel NF-xB
inhibitor, dehydroxymethylepoxyquinomicin (DHMEQ), to study
whether NF-kB blocks cancer cell adhesion via integrins in a gastric
cancer dissemination model in mice and found that DHMEQ is a
potent suppressor of cancer cell dissemination. Dehydroxymethy-
lepoxyquinomicin suppressed the NF-kB activity of human gastric
cancer cells NUGC-4 and 44As3Luc and blocked the adhesion of
cancer cells to ECM when compared with the control. Dehy-
droxymethylepoxyquinomicin also inhibited expression of integrin
(a2, a3, B1) in in vitro studies. In the in vivo model, we injected
44As3Luc cells pretreated with DHMEQ into the peritoneal cavity
of mice and performed peritoneal lavage after the injection of can-
cer cells. Viable cancer cells in the peritoneal cavities were evalu-
ated sequentially by in vivo imaging. In mice injected with
DHMEQ-pretreated cells and lavaged, live cancer cells in the perito-
neum were significantly reduced compared with the control, and
these mice survived longer. These results indicate that DHMEQ
could inhibit cancer cell adhesion to the peritoneum possibly by
suppressing integrin expression. Nuclear factor-kappa B inhibition
may be a new therapeutic option for suppressing postoperative
cancer dissemination. (Cancer Sci 2011; 102: 1052-1058)

P eritoneal dissemination is the most frequent process
through which gastric cancer recurs,'” and patients with
this condition must currently accept a very poor prognosis.>?
Standard chemotherapy is currently not sufficiently effective for
improving the survival of patients with peritoneal dissemination
of gastric cancer. To inhibit peritoneal dissemination, it may be
important to control the adhesion of cancer cells to the perito-
neum. During cancer cell dissemination in the abdominal cavity,
cancer cells make contact with the basement membrane through
gaps between mesothelial cells.*” The basement membrane
beneath mesothelial cells comprises extracellular matrices
(ECM) consisting of type 1 and 4 collagen, fibronectin or lami-
nin,® and mesothelial cells also produce ECM.” The interac-
tions between these ECM and cell surface integrins play very
important roles in cancer cell adhesion and, therefore, cancer
progression.®

Cancer Sci | May 2011 | vol. 102 | no.5 | 1052-1058

Integrins are membrane-bound proteins that form heterodi-
mers of o- and P-subunits at the cell surface. The o-subunits
vary between 120 and 180 kD, and are non-covalently associ-
ated with B-subunits (90-110 kD). To date, 14 o subunits and
eight B subunits have been identified, and after mutual dimeriza-
tion, these subunits contribute to cell adhesion or regulation of
signal transduction required for cell survival by making contact
with appropriate ECM.®'? 1t has been reported that integrins
o2, o3 and B1 play important roles in the peritoneal dissemina-
tion of gastric cancer, D and that antibodies to these integrins
suppress })eritoneal dissemination of gastric cancer in a mouse
model."?

Nuclear factor-kappaB (NF-xB) was first identified and
reported in 1986'> and studied in the context of immune and
inflammatory responses.'* Nuclear factor-kappaB is a generic
term for dimers of NF-xB1 (p50/p105), NF-xB2 (p52/p100), c-
Rel, RelA (p65/NF-xB3) and RelB."” To date, involvement of
NF-kB in cancer-related molecules such as cyclin D1,%® inter-
cellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1),"'" the Bel family,"® inhibitor of apop-
tosis (IAP), X-linked inhibitor of apoptosis protein (XIAP),!!
53,2 vascular endothelial growth factor (VEGF), interleukin
(IL)-8,°Y MMP® and multidrug resistance protein 1 (MDR1),%
has been elucidated. However, NF-xB has not been reported
to be involved in cancer cell adhesion to the peritoneum via
integrins.

A low-molecular-weight NF-xB inhibitor, dehydroxymethy-
lepoxyquinomicin (DHMEQ), was newly developed by Umeza-
wa.?? Dehydroxymethylepoxyquinomicin specifically inhibits
the nuclear translocation of p65 and prevents it binding to
DNA®: it also has various anti-cancer effects in mouse models
without obvious side-effects. Thus far, the following anti-cancer
effects of DHMEQ have been reported: G1 arrest by inhibition
of cyclin D1 expression;*® and induction of apoptosis by inhi-
bition of cIAP and XIAP,?” or Bcl-2 and Bel-xL.?® Antitumor
effects of DHMEQ have also been reported in in vivo models
such as those for thyroid cancer,*”’ prostate cancer,®” hepatic
cancer, ™ breast cancer,”" pancreas cancer,®® multiple mye-
loma,*® malignant lymphoma®® and leukemia.®®

In the present study, we showed that NF-xB is associated
with integrin expression in gastric cancer cell lines and that
NF-xB inhibition by DHMEQ suppresses cancer progression
by inhibiting the adhesion of gastric cancer cells to the perito-
neum in a mouse model of peritoneal dissemination of gastric
cancer.

7To whom correspondence should be addressed.
E-mail: ozaki-m@med.hokudai.ac.jp

doi: 10.1111/.1349-7006.2011.01901.x
© 2011 Japanese Cancer Association

—106—



Materials and Methods

Cell cultures. The human gastric cancer cell line NUGC4 was
obtained from the Japanese Cancer Research Resources Bank
(JCRB, Osaka, Japan), and 44As3Luc with luciferase activity
was constructed by one of the authors (K.Y.).®® The 44As3Luc
cells were derived from 44As3 cells, which is a highly perito-
neal metastatic cell line, and were stably transfected with a
pEGF-PLuc plasmid with CMV promoter (Clontech, Palo Alto,
CA, USA). Human breast cancer cell lines MCF7 with constitu-
tively low NF-xB activity and MDA-MB231 with constitutively
high NF-xB activity were obtained from the American Type
Culture Collection (Rockville, MD, USA).®" The NUGC4 cells
were cultured at 37°C in RPMI1640 (Sigma, St Louis, MO,
USA) along with 10% fetal bovine serum (FBS); the 44As3Luc
cells were cultured at the same temperature with RPMI1640
containing 100 pg/mL geneticin (Sigma); and the MCF7 and
MDA-MB231 cells were also cultured at 37°C in 95% air and
5% CO, in DMEM (Sigma) along with 10% FBS.

Dehydroxymethylepoxyquinomycin (DHMEQ). We have origi-
nally designed and developed DHMEQ (molecular weight
(MW): 261), a derivative of the natural antibiotic epoxyquino-
mycin C, to specifically target NF-kB.%%

DNA-binding activity of NF-kB. To evaluate the DNA-binding
activity of NF-xB in the steady state, 70% confluent cultures of
NUGC4, 44As3Luc, MCF7 and MDA-MB231 in 10-cm dishes
were stored at ~80°C. To evaluate the effect of DHMEQ, the
medium in the 70% confluent cultures of NUGC4 and 44As3Luc
was replaced with 10 pg/mL DHMEQ solution, incubated for
an appropriate time and stored at —80°C. The following day,
nuclear proteins were extracted and examined using a p65 Tran-
SAM kit (ActiveMotif, Carlsbad, CA, USA). The absorbance
was determined using a plate reader (Varioskan Flash, Thermo
Fisher Scientific, Waltham, MA, USA). Each experiment was
performed in triplicate.

NF-xB reporter gene assay. A GFP reporter gene construct
was transfected using Cignal Reporter Assay kits (SA Bio-
sciences, Frederick, MD, USA). Cultured cells were trypsinized
and resuspended in Opti-MEM (Invitrogen, Carlsbad, CA, USA)
with non-essential amino acids (Invitrogen) without antibiotics
at a concentration of 2 x 10° cells in a 96-well plate. Cells were
transfected with the reporter by culturing for 16 h with Surefect
(SA Biosciences). After the medium was replaced with Opti-
MEM with penicillin/streptomycin, the cells were incubated for
an additional 8 h. The medium was then replaced with Opti-
MEM containing 10 pg/mL of DHMEQ (or 0.024% of DMSO
for the controls). The intensity of fluorescence was measured at
appropriate times in triplicate using Varioskan Flash (excitation,
470 nm; emission, 515 nm).

mRNA expression of integrins in DHMEQ-treated cells. Real-
time PCR was used to examine mRNA expression. The
44As3Luc cells were cultured in triplicate in 0.024% DMSO
solution (controls) or in 10 pg/mL DHMEQ for the appropriate
times. Total RNA was isolated using an RNeasy mini kit (Qia-
gen, Valencia, CA, USA) in accordance with the manufacturer’s
instructions. For ¢cDNA synthesis, ReverTra Ace gPCR RT kit
(Toyobo, Osaka, Japan) with Oligo(dT) 20 primer (Toyobo) was
used in accordance with the manufacturer’s instructions. For rel-
ative quantification by PCR, each cDNA product was analyzed
in a LightCycler (version 1.4) using a QuantiTect SYBR Green
PCR kit (Qiagen).

Flow cytometric analysis of integrin expression. p65 silencing
was performed using p65 siRNA2 (BD Biosciences, Bedford,
MA, USA). Next, 50% confluent cells were incubated for 24 h
in medium without antibiotics in 10-cm dishes. Then, 33 nM
p65 siRNA was added to each dish and transfected for 48 h. p65
silencing was confirmed by western blot analysis using primary
antibodies against X500 a-tubulin and x1000 p65 protein (Cell

Mino et al.

Signaling, Beverly, MA, USA) and x5000 goat anti-mouse IgG
for tubulin or anti-rabbit IgG for the p63 protein. With regard to
DHMEQ treatment, the medium in 70% confluent cell cultures
in 10-cm dishes was replaced with 10 pg/mL DHMEQ solution
(0.024% DMSO for the controls) and cultured for the appropri-
ate times. These cells were trypsinized and analyzed using flow
cytometry (FACS Caliber; Becton Dickinson, Franklin Lakes,
NJ, USA). The antibodies used for these assays were integrin
o2, integrin o3, integrin Bl and isotype controls for these inte-
grins. All antibodies were obtained from R&D Systems (Minne-
apolis, MN, USA).

Adhesion assay. We evaluated the anti-adhesive effect of
DHMEQ by using a plate pre-coated with ECM constituting the
peritoneal basement membrane. The medium in 70% confluent
cell cultures in 10-cm dishes was replaced with 10 pg/mL
DHMEQ solution (or 0.024% DMSO for the controls), and the
dishes were incubated for 24 h. These cells were trypsinized,
assembled, adjusted to a concentration of 1 x 10° cells/mL with
RPMI and distributed on the pre-coated plates (80 pL per plate).
Next, the cells were incubated at 37°C for 1 h. Except for the
non-treated plate, all plates were washed three times with
100 pL of FBS-free RPMI. After washing, 10 pL of x50 diluted
Cell Counting kit F (CCKF; Dojindo, Osaka, Japan) was added
to each well, and the fluorescence intensity of the remaining live
cells (adhesive cells) was evaluated using Varioskan Flash at
30 min after CCKF administration (excitation, 490 nm; emis-
sion, 515 nm). Pre-coated plates were manufactured by BD Bio-
sciences and the ECM coated on the plates were types 1 and 4
collagen, fibronectin and laminin.

DHMEQ cytotoxicitg assay. The cells were seeded into 96-
well plates at 5 x 10° cells/well in 10% FBS-containing med-
ium. Twenty-four hours later, the medium in the wells was
replaced with different concentrations of DHMEQ solution or
0.048% DMSO solution, and the cells were then incubated again
for 24 h. Lactate dehydrogenase (LDH) activity of the super-
natant was measured using an LDH cytotoxicity detection kit
(Takara Bio, Shiga, Japan).

Animal experiments. Six-week-old male BALB/c-nu/nu
mice, each weighing approximately 20 g, were obtained from
CLEA Japan, Inc. (Tokyo, Japan). The mice were grouped as
follows: (i), implantation of DMSO-treated cells; (i) implanta-
tion of DHMEQ-treated cells; (iii) implantation of DMSO-
treated cells with peritoneal lavage; and (iv) implantation of
DHMEQ-treated cells with peritoneal lavage. Each group com-
prised four mice. Then, 2 x 10° 44As3Luc cells, which had been
treated with 10 pg/mL DHMEQ (or 0.024% DMSO for the con-
trols) for 24 h, were injected intraperitoneally into the above
mentioned mice. One hour after injection, laparotomy and peri-
toneal lavage were performed using phosphate-buffered saline
(PBS). Peritoneal lavage was performed through a 1-cm incision
through which 5 mL of PBS was slowly injected. Bio-imaging
was performed before and after the peritoneal lavage, and on
days 2, 5, 10, 15 and 20 in order to evaluate cancer progression.
Luminescence was evaluated at approximately 7 min after intra-
peritoneal injection of 1500 pg/mouse p-luciferin potassium salt
(Synchem OHG, Altenburg, Germany). In vivo imaging was per-
formed using Photon Imager Hu (Biospace Lab, Paris, France)
with the mice under isoflurane anesthesia (Abbott Japan, Tokyo,
Japan). Images were captured using Photo Acquisition 2.6 (Bio-
space Lab) with 0.5 min exposure and processed using Photo
Vision Plus. Signal intensity was quantified as the sum of all
detected photon counts (count per minute [CPM]) within the
region of interest (ROI). All procedures involving animals and
their care were approved by the Ethics Committee of Hokkaido
University in accordance with institutional and Japanese govern-
mental guidelines for animal experiments.

Scanning electron microscopy (SEM) of the peritoneal
wall. The peritoneal walls of mice injected with cancer cells
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were fixed with 10% formaldehyde for 180 min and then over-
night at 4°C with 1.25% glutaraldehyde solution. The fixed sam-
ples were dehydrated in a 30-100% graded ethanol series and
immersed in tert-butyl alcohol overnight at —20°C. These sam-
ples were dried using ES-2000 (Hitachi High-Technologies Co.,
Tokyo, Japan) for 3 h and ion-sputtered using E-1030 (Hitachi)
for 120 s. The peritoneal surface was observed under a scanning
electron microscope (S-3500N; Hitachi).

Statistics. The mean and SD were calculated for all variables,
except the data from the flow cytometry. Between-group statisti-
cal significance was determined using the Student’s ¢ test.
P < 0.05 was considered as statistically significant.

Results

DHMEQ effectively suppresses p65-DNA binding activity in
gastric cancer cells. In the steady state, the p65-DNA binding
activities in NUGC4 and 44As3Luc cells were as high as that in
MDA-MB231 cells, a positive control cell with high binding
activity. The activity in MCF7 cells is constitutively low as pre-
viously reported ", and hence these cells were used as the neg-
ative control (Fig. 1A). The binding activities in both cells
reached their lowest levels 2 h after the addition of 10 pg/mL
DHMEQ (as a final concentration) and returned to initial condi-
tions within 24 h (Fig. 1B). A GFP reporter assay showed that
DHMEQ significantly suppresses transcriptional activity in both
cells (Fig. 1C). On the basis of these results, we considered that
DHMEQ had a similar effect in NUGC4 and 44As3Luc cells.
Therefore, we used 44As3Luc cells in the following experi-
ments. We planned to evaluate cancer progression using bio-
imaging.

Effect of NF-xB inhibition on integrin expression. In
44As3Luc cells, the mRNA of all integrins — 02, o3 and Bl —
were significantly suppressed 2 h after the addition of 10 ug/mL
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DHMEQ (as a final concentration) compared with the control to
which DMSO was added (Fig. 2A). The percentage reduction in
the expressions of integrins o2, o3 and B1 was 27%, 31% and
8%, respectively. Flow cytometric analysis revealed that the
expressions of all cell surface integrins on 44As3Luc cells were
gradually suppressed after the addition of DHMEQ (Fig. 2B).
Reductions in integrin expression (o2, 3 and B1) following
DHMEQ addition was 68%, 83% and 45% at 24 h, respectively.
Similarly, flow cytometric analysis of integrins o2, o3 and Bl
revealed that the expressions of cell surface integrins in p65-
deleted cells were suppressed to the same degree as in DHMEQ-
treated cells (Fig. 2C). Reductions in integrin expression after
p65 deletion were 34% (02), 76% (¢3) and 41% (B1). p65
silencing was confirmed by western blotting for nuclear and
cytoplasmic p65 proteins (Fig. 2D).

Anti-adhesive effect of DHMEQ-treated cells in an in vitro
assay. Significantly fewer 44As3Luc cells treated with
10 pg/mL. DHMEQ (final concentration) remained alive on
plates pre-coated with ECM after they were washed (ECM-
adhesive cells) than 44As3Luc cells treated with DMSO
(Fig. 3A). Reductions in the numbers of adhesive cells follow-
ing DHMEQ addition were 18.3% (laminin), 34.8% (fibronec-
tin), 38.2% (type 1 collagen) and 43.5% (type 4 collagen). The
LDH value, which represents the cytotoxic effect, was signifi-
cantly elevated in the supernatant of cells treated with DHMEQ
at concentrations >17.5 pg/mL (Fig. 3B).

Effect of peritoneal lavage on implantation of DHMEQ-treated
cancer cells on the abdominal wall. The number of cancer cells
decreased in mice injected with DHMEQ-pretreated cells and
subjected to peritoneal lavage (Fig. 4A). The intensity of bio-
luminescence after lavage was significantly reduced (reduction
rate, 39%) in mice that were injected with DHMEQ-pretreated
cells and subjected to peritoneal lavage compared with in mice
injected with DMSO-pretreated control cells and subjected to
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Fig. 1. Dehydroxymethylepoxyquinomicin (DHMEQ) effectively suppressed p65-DNA binding activity in gastric cancer cells. (A) Nuclear p65
protein binding activity to DNA in a steady state. MDA-MB231 cells were used as a positive control, and MCF7 cells were used as a negative one.
*P < 0.05. (B) Time course of binding activity of nuclear p65 proteins to DNA in DHMEQ-treated cells. The binding activities of both cells were
assessed at 2, 6, 12, 24 and 48 h after DHMEQ administration. *Significantly <0 h (P < 0.05). (C) Nuclear factor-kappa B (NF-xB) GFP reporter
assay. The black bars show cells treated with DMSO, and white bars show those with DHMEQ. *Significantly more than controls (P < 0.05). OD,

optical density.
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Fig. 2. Effect of nuclear factor-kappa B (NF-xB) inhibition on expression of adhesion molecules. (A) Quantitative evaluation of mRNA of
integrins by real-time PCR. The graph shows the average of the ratio of copies of dehydroxymethylepoxyquinomicin (DHMEQ)-treated 44As3Luc
cells to DMSO-treated cells at 2 h after DHMEQ administration. When the longitudinal value is below 1 (bold line), the integrin expression of
DHMEQ-treated cells is lower than that of DMSO-treated cells. *Significantly less than controls (P < 0.05). (B) Expression of cell surface integrins
of DHMEQ-treated cells. The graph shows the expression rate of cell surface adhesion molecules of 44As3Luc cells treated with DHMEQ
compared with that of DMSO-treated cells for each time point. The bold line is as described above. (C) Expression of cell surface adhesion
molecules of cells knocked down by p65 siRNA. The graph shows the rate of cell surface integrins of 44As3Luc cells knocked down by p65 siRNA.
The bold line is as described above. (D) p65 deletion. The p65 deletion was confirmed by western blotting.
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Fig. 3. Anti-adhesive effect of dehydroxymethyl- £
epoxyquinomicin (DHMEQ) pretreated cells in the g
in vitro study. (A) Adhesion assay. The bars show = 0,14
the fluorescence intensity of the remaining live cells %
on the plates. The black bars show cells pretreated 0.05-
with DHMEQ, and white bars show those with i
DMSO. *Significantly less than controls (P < 0.05).
(B) Evaluation of cytotoxicity of DHMEQ. The graph i
shows lactate dehydrogenase (LDH) activity of the
supernatant of the 44As3Luc cells treated with . .
DHMEQ or DMSO. *P < 0.05. OD, optical density. IIMSO(% DHMEQ (ug/ml.)
peritoneal lavage (Fig. 4B). The SEM revealed that cancer cells Follow up of gastric cancer dissemination by in vivo

adhered less to the basement membrane of the peritoneum in  imaging. The DHMEQ-pretreated 44As3Luc cells injected in
mice injected with DHMEQ-pretreated cells than in those mice grew slowly compared with the DMSO-pretreated
injected with DMSO-pretreated control cells (Fig. 4C). cells (Fig. 5A). The increase in the CPM/mm~ value of the
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Fig. 4. Peritoneal lavage inhibited cancer cells
pretreated with dehydroxymethylepoxyquinomicin
(DHMEQ) from implanting into the abdominal wall.
(A) In vivo imaging at around the time of
peritoneal lavage. The luminescent value indicates
the number of live cells in the abdominal wall.
Pre/Post means before/after the pentoneal lavage.
(B) Count per minute (CPM)/mm? value of pre/post
peritoneal Iavage The graph shows the time course
of the CPM/mm? value compared with the time of
cancer cell injection. Initial values were adjusted to
1. *Significantly less than controls (P < 0.05). (Q)
SEM findings of the peritoneum. Left: abdominal
wall injected with 44As3Luc cells pretreated with
DHMEQ. Right: those with DMSO. The area
indicated by black arrowheads is the area exposed
to the peritoneal cavity. White arrowheads show
the adhesive cancer cells.

Fig. 5. Follow up after peritoneal lavage. (A)
Follow-up imaging of mice subjected to peritoneal
lavage. The range bars were adjusted for mice
injected with DMSO pretreated cells at every

2

Buseled e}
5

P

.
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y = DM s

e evaluation day. (B) Time course of the count per
minute (CPM)/mm? value. The black line represents
the mice that were injected with DMSO-pretreated
cells, and the broken line represents those injected
with dehydroxymethylepoxyquinomicin (DHMEQ)-
pretreated cells. *Significantly less than controls

DHMEQ-treated cells was significantly delayed. The error bar
of the CPM/mm? value of the DMSO-pretreated group ranged
widely, because malignant ascites possibly obscured lumines-
cent emission at the terminal stage (Fig. 5B). Survival was only
significantly prolonged in mice injected with DHMEQ-treated
cells and subjected to peritoneal lavage (Fig. 5C).

Discussion

NF-xB is undoubted]y involved in various biological propemes
of cancer cells.®> However, its involvement in the expression
of integrins, which are associated with cancer cell adhesion to
the peritoneum, has not been reported. In the present study, we
investigated whether NF-xB is involved in cell adhesion to the
peritoneum via regulation of integrin expression, and whether
DHMEQ, as a novel NF-xB inhibitor, suppresses the dissemina-
tion of gastric cancer in a mouse model.

1056

b e BB
‘: e SRS v (P < 0.05). (C) Kaplan-Meier analysis of the survival
[ of all groups. The line is as described above. The
t line with markers represents mice subjected to
T = peritoneal lavage. *Significantly prolonged than all

other groups (P < 0.05).

Several investigators reported that NF-xB act1v1t 1s associ-
ated thh pemtoneal dissemination of cancer cells.®**® Sasaki
et al.®® evaluated human gastric cancer tissues by immunohis-
tochemical analysis, where NF-kB activation was significantly
correlated with peritoneal metastases and survival. Our results
in the present study support the previously reported data that
NF-xB activity of gastric cancer cell lines was markedly acti-
vated and with highly metastatic behavior, and that DHMEQ
sufficiently inhibited NF-xB activity and eventually suppressed
the peritoneal dissemination.

Integrins are also associated with malignant potential. %2
Integrins play an important role in cancer cell adhesion to the
pentoneum by enabling contact with appropriate ECM. Qoster-
ling er al.*® showed “that anti- Bl integrin antibody reduces
surgery-induced adhesion of colon carcinoma cells to trauma-
tized peritoneal surfaces. Fishman er al.“** showed similar find-
ings using ovarian cancer cell lines in the in vitro analysis. With
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regard to gastric cancer, integrins 02, 03 and B1 are key mole-
cules in animal models and humans.!!"'>44®) The ligands of in-
tegrin o2f1 are collagens and laminin, and those of a3p1 are
fibronectin, laminin,and collagens."” In our in virro study,
DHMEQ suppressed cancer cell adhesion to the peritoneum via
p65-mediated suppression of integrin expression. Also, Takatsu-
ki et al.!? reported that anti-o3 antibody strongly suppressed
the adhesion of gastric cancer cells to mice peritoneum. This
integrin o3 was suppressed most by DHMEQ in this study.
Therefore, DHMEQ may suppress cancer cell adhesion mainly
via integrin o3, while DHMEQ may associate with other
adhesion molecules that are not examined in this study.

In our in vivo study, viable cells in mice injected with
DHMEQ-treated cells and subjected to peritoneal lavage still
decreased on day 2 and only this group survived significantly
longer. This finding might suggest that DHMEQ exerts another
effect via the anti-adhesive effect. Jiang er al.“” reported that
NF-xB inhibition by IxBp reduces anchorad%e*independent
growth in a lung cancer cell line. Scaife et al.“™® showed that
NF-xB inhibitor causes anoikis in a human colon cancer cell
line. It might be possible that DHMEQ is associated with a pro-
anoikis effect in gastric cancer dissemination.

In the present study, we first demonstrated that NF-xB could
play a pivotal role in the progression of gastric cancer via the
regulation of integrin expression and promotion of adhesion of
cancer cells to the peritoneal wall. In our in vivo study, a specific
deletion of NF-xB (p65) by siRNA was not performed, because
we considered that transient deletion of p65 protein does not
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Purpose: Ultraviolet (UV) acts as low-dose ionizing radiation. Acute UVB exposure causes photokeratitis and induces
apoptosis in corneal cells. Astaxanthin (AST) is a carotenoid, present in seafood, that has potential clinical applications
due to its high antioxidant activity. In the present study, we examined whether topical administration of AST has preventive
and therapeutic effects on UV-photokeratitis in mice.

Methods: C57BL/6 mice were administered with AST diluted in polyethylene glycol (PEG) in instillation form (15 ul)
to the right eye. Left eyes were given vehicle alone as controls. Immediately after the instillation, the mice, under
anesthesia, were irradiated with UVB at a dose of 400 mJ/cm?. Eyeballs were collected 24 h after irradiation and stained
with H&E and TUNEL. In an in vitro study, mouse corneal epithelial (TKE2) cells were cultured with AST before UV
exposure to quantify the UV-derived cytotoxicity.

Results: UVB exposure induced cell death and thinning of the corneal epithelium. However the epithelium was
morphologically well preserved after irradiation in AST-treated corneas. Irradiated corneal epithelium was significantly
thicker in eyes treated with AST eye drops, compared to those treated with vehicles (p<0.01), in a doses dependent manner.
Significantly fewer apoptotic cells were observed in AST-treated eyes than controls after irradiation (p<0.01). AST also
reduced oxidative stress in irradiated corneas. The in vitro study showed less cytotoxicity of TKE2 cells in AST-treated
cultures after UVB-irradiation (p<0.01). The cytoprotective effect increased with the dose of AST.

Conclusions: Topical AST administration may be a candidate treatment to limit the damages by UV irradiation with wide

© 2012 Molecular Vision

clinical applications.

Ultraviolet (UV) irradiation represents a significant
environmental hazard that can cause acute and chronic
inflammatory changes in the cornea, lens, and retina of the
eye. The sources of UV radiation are not merely from electric
welding and tanning lamps but also from sunny days on the
sea or in snowy mountains when eyes are left unprotected. In
recent decades, the risk of acute photochemically-induced
ocular damage has increased due to stratospheric ozone
depletion [1]. UVB exposure causes photokeratitis, which is
associated with expression of nuclear factor (NF)-xB,
prostaglandin E2 (PGE2), and many other inflammatory
agents [1]. Acute UVB exposure causes damage deeper than
the epithelium, involving all tissues of the cornea [2] and
inducing apoptosis in corneal cells [3,4]. Although the energy
is much less than that of the gamma rays, ophthalmologists
find it is necessary to study ways to prevent the damages
caused by UV radiation due to its association with clinical
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ocular diseases. We have already reported that applying UVB
irradiation at 400 mJ/cm?® to mice corneas can be a useful
model for studying corneal inflammation [3].

Antioxidant enzymes, such as superoxide dismutase
[5] and catalase [6], and pharmacologic antioxidants like N-
acetyl cysteine [7,8], inhibit tumor necrosis factor (TNF)-a
activation through NF-kB-dependent gene expression [9].
Astaxanthin =~ (AST), 3,30-dihydroxy-b,b-carotene-4,40-
dione, a carotenoid without vitamin A activity [10,11], has
potential clinical applications due to its antioxidant activity,
which is higher than p-carotene and a-tocopherol [10,12,13].
In addition, it has many highly potent pharmacological
effects, including anti-tumor, anti-cancer, anti-diabetic, and
anti-inflammation activities [12,14-16]. The potent activity of
AST has been observed to modulate biologic functions
ranging from lipid peroxidation to tissue protection [14,17].
The presence of the hydroxyl (OH) and keto (C=0) on each
ionone ring in AST explains its unique feature of antioxidant
activity for the protection of both the inner and outer
membrane surfaces [10,14,18,19]. AST is found abundantly
in the red-orange pigment of marine animals such as salmon
(and salmon roe) and the shell of crabs and shrimp.
AST and AST-like products are commonly indicated as
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antioxidants [20] and immune modulators [21]. One of the
effects of AST is to scavenge reactive oxygen species [22].
We previously reported that AST showed a dose-dependent
anti-inflammatory effect [23,24]. It was also reported
that AST inhibited the production of inflammatory mediators
by blocking NF-«B activation in vitro [4]. In the present study,
we examined whether topical administration of AST has
therapeutic effects on UV photokeratitis in mice.

METHODS

Animals and reagents: Six- to 8-week-old C57BL/6 male
mice were obtained from Clear Japan (Tokyo, Japan). Mice
were maintained under specific pathogen-free conditions. All
procedures involving animals were performed in accordance
with the ARVO resolution on the use of animals in research.
AST was purchased from Sigma-Aldrich (Tokyo, Japan).
UV irradiation: The mice were administered with AST
diluted in polyethylene glycol (PEG) in instillation form
(15 pl) to the right eye once at the following concentrations:
1, 0.1, and 0.01 mg/ml (10 mice per group. Left eyes were
instilled with vehicle alone. Immediately after the instillation,
anesthetized mice were irradiated with UVB at a dose of
400 ml/cm? from a FS-20 (Panasonic, Osaka, Japan)
fluorescent lamp. These bulbs have a broad emission spectrum
(250-400 nm) with high output primarily in the UVB
spectrum (290-320 nm). To evaluate the effects of AST on
the corneal surface without UVB damage, control mice
received the instillation of 1 mg/ml of AST without
irradiation. All experiments were performed in triplicate.
H&E and TUNEL staining: The eyes were dissected from
mice 24 h after UVB exposure and fixed with 4%
paraformalin. Tissue sections were prepared and stained with
hematoxylin-eosin (H&E) for morphological analysis. Other
sections were stained by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay to detect
apoptotic signaling. Apoptotic cells were detected with a Cell
Death Detection Kit (Roche Diagnostics Japan, Tokyo)
containing all necessary reagents for staining. Slides imaging,
cell counting, and thickness evaluations were performed with
BZ-9000 fluorescence microscope (Keyence, Japan) and
software bundled with the apparatus. At least 10 sections were
used to evaluate the epithelial thickness, measurements of 10
randomly selected areas of epithelium of central cornea was
performed and averaged.

Evaluation of the “sunglasses effect” of AST: The “sunglass
effect” represents the status when protective properties of a
substance are only due to blocking the UV rather than having
a cytoprotective effect. To evaluate this effect, and whether
AST is capable of rescuing the damaged epithelia after UVB
irradiation, we performed additional experiments where mice
were first irradiated with UVB at a dose of 400 mJ/cm? under
anesthesia. After 5 min of irradiation, the right eyes were then
instilled with AST (1 mg/ml) and the left eyes instilled with
vehicle alone.
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Detection of reactive oxygen species (ROS): The eyes were
dissected from mice 24 h after UVB exposure and frozen fresh
in optimal cutting temperature (OCT) compound with liquid
nitrogen. To visualize not only oxidative signaling but also
the tissue structure, 4',6-diamidino-2-phenylindole (DAPI)
dye (blue) was used to stain the nuclei of the cells.
Dihydroethidium (DHE; Sigma-Aldrich, St. Louis, MO), an
oxidative  fluorescent dye, was used for the
immunohistochemical detection of cytosolic superoxide
anion (Ox’) to evaluate ROS production in corneal epithelium
tissue, as reported recently [25].

NF-kB  immunohistochemistry staining: The eyes were
dissected from mice 24 h after UVB exposure and fixed with
4% paraformaldehyde and then paraffin-embedded. To
evaluate the NF-kB positive cells in the corneal epithelium,
slides were rehydrated and applied with a 1:50 dilution of NF-
KB P65 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
for 12 h, washed with PBS and then applied with 1:100
dilution of secondary goat anti-rabbit antibody dye conjugate
(Invitrogen, Carlsbad, CA), which gives red fluorescence.
Since NF-xB is widely present in intercellular tissue, to detect
its expression in cell nuclei, we stained the section slides
with 1:100 dilution of YO-PRO®-1 (Invitrogen), which
produces a green signal from the cell nuclei. NF-xB positive
(yellow) nuclei were quantified in merged images.

In vitro study: TKE2 cells were used for in vitro study. TKE2
is a murine corneal epithelium-derived progenitor cell line
[26,27]. Mouse TKE2 cells were cultured in Defined K-SFM
(Keratinocye Serum Free Medium) with L-Glutamine, Phenol
Red, and Sodium Pyruvate (Invitrogen), supplemented with
100 U/ml of penicillin and 100 U/ml of streptomycin,
(Invitrogen). The cells were seeded onto 24-well plates
(5x10* cells/well) at 37 °C in a humidified incubator
containing 5% CO.. The cells were treated with 1, 0.1, or
0.01 mg/ml AST. After 6 h of incubation, the wells were
irradiated with UVB at a dose of 300 ml/cm? at room
temperature for 1 min. To prevent UVB radiation absorption,
the culture media were removed just before irradiation and
replaced with a thin layer of phosphate-buffered saline (PBS).
After UVB irradiation, cells were fed with fresh medium. The
LDH (lactate dehydrogenase) Cytotoxicity Detection Kit
(Roche Applied Science, Penzberg, Germany) was used to
determine cytotoxicity 6 h after UVB exposure. Culture
supernatants (100 pl) were collected and added to the kit’s
work solution. After 30 min incubation, the absorbance was
measured with an ELISA reader. All procedures were
performed according the user manual of the kit. Analysis was
performed in triplicate. To determine the background LDH
activity of the medium and spontaneous LDH release,
additional plates were prepared with empty medium and
unaffected cells. The maximum LDH release was achieved by
adding 100 pl of Triton-B to the reference wells. Cytotoxicity
percentages were calculated, and Triton-B treated wells with
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E **P<0.01 (Paired t-test)
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Figure 1. Morphological properties of ultraviolet (UV)-irradiated corneas. Eyes were treated with AST eye drops before UV exposure (A: 1
mg/ml, B: 0.1 mg/ml, C: 0.01 mg/ml AST). Control subjects were not irradiated with UVB (D). R: Right eyes were given various concentrations
of AST eye drops. L: Left eyes were given vehicle alone as controls. The mean values of corneal epithelial thickness are summarized (E).
Epithelia were significantly thicker inright eyes treated with 1 and 0.1 mg/ml AST compared to the left eyes, which served as controls (p<0.01).
Protective effects of AST were found to occur in a dose-dependent manner.
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