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Histidine-rich glycoprotein (HRG) is a heparin-binding glycoprotein present in plasma at 100 pg/ml. A recent
study revealed that HRG suppressed heparin-dependent basic fibroblast growth factor (bFGF)-induced
angiogenesis. Additionally, we reported that high mobility group box 1 (HMGB1) in complex with heparin
induces angiogenesis; therefore, we examined the effect of HRG on heparin-dependent HMGB1-induced
angiogenesis in the present study. HRG completely inhibited angiogenesis induced by HMGB1 in complex
with heparin. HRG inhibited the diffusion of a complex of HMGB1 with heparin from matrigel into

f\i};‘o(;:;asis surrounding tissue. HRG also competed with HMGB1 for heparin binding in vitro. Moreover, HRG inhibited

HMGB1 heparin-dependent vascular endothelial growth factor-A,ss (VEGF-A;gs)-induced angiogenesis. These

HRG results strongly suggested that HRG might be an inhibitor of angiogenesis induced by growth factors with

Heparin heparin binding activity and that HRG may be a potential drug for angiogenic diseases, including tumor
growth,

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Histidine-rich glycoprotein (HRG) is mainly produced in the liver
and is consistently present in plasma at considerable levels (100 pg/
ml, 1.25 pM) (Rylatt et al.,, 1981; Drasin and Sahud, 1996). HRG is an
80 kDa glycoprotein and has four domains; cystatin-like domain 1,
cystatin-like domain 2, histidine-proline-rich domain and C-terminal
domain. The histidine-proline-rich domain has a characteristic 12
times amino acid sequence repeat of GHHPH, whose physiological
significance remains unclear (Koide et al., 1986). In vitro studies
revealed that HRG has affinity for a variety of substances, including
heparin, heparan sulfate proteoglycan (Lijnen et al., 1983; Burch et al.,
1987; Peterson et al., 1987), plasminogen (Lijnen et al., 1980),
thrombospnodin (Leung et al, 1984; Silverstein et al., 1985),
fibrinogen, fibrin (Leung, 1986), divalent metal ions (Morgan, 1981;
Guthans and Morgan, 1982), heme (Morgan, 1985) and complement
C1q (Gorgani et al., 1997), suggesting that HRG may play roles relating
to the control of coagulation and the fibrinolysis and immune
systems; however, its functional significance has not yet been
clarified. Moreover, HRG was reported to suppress vascular endothe-
lial growth factor (VEGF) and basic fibroblast growth factor (bFGF)-
induced angiogenesis, suggesting that HRG plays an important role in
maintaining blood vessel homeostasis in collaboration with angio-

* Corresponding author. Tel./fax: +81 86 235 7140.
E-mail address: mbori@md.okayama-u.ac.jp (M. Nishibori).

0014-2999/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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genic growth factors (Juarez et al., 2002; Donate et al., 2004; Guan
et al., 2004; Olsson et al., 2004).

High mobility group box 1 (HMGB1) is a non-histone nuclear
protein, which maintains the architecture of chromatin DNA and
regulates transcription (Bustin, 1999; Yuan et al., 2004). HMGBI1 is
released from necrotic cells and activated macrophages. Once
released into extracellular space, it acts as pro-inflammatory cytokine
(Wang et al,, 1999, 2001; Scaffidi et al., 2002). HMGB1 is highly
expressed in inflammatory conditions, such as sepsis (Karlsson et al.,
2008), rheumatic arthritis (Taniguchi et al., 2003) and atherosclerosis
(Porto et al., 2006). Recent studies revealed that HMGB1 induced the
sprouting and chemotaxis of vascular endothelial cells and promoted
angiogenesis in the chick embryo chorioallantoic membrane (Schlu-
eter et al., 2005; Mitola et al., 2006). Moreover, in the previous study,
we demonstrated that HMGB1 complexed with heparin induced
angiogenesis in a matrigel plug assay (Wake et al., 2009).

In the present study, we analyzed the effects of HRG on HMGB1-
induced angiogenesis in terms of the competition for heparin binding,
and the expression of tumor necrosis factor-o (TNF-a) and VEGF-
Ai2o.

2. Materials and methods
2.1. Reagents

Matrigel was prepared from the Engelbreth-Holm-Swarm sarco-
ma inoculated in C57BL/6] mice, as previously described (Kleinman
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et al., 1986). Matrigel was not supplemented with any growth factors
and mainly contained laminin, collagen 1V, heparan sulfate proteo-
glycan and entactin. Since matrigel is liquid at 4 °C and becomes a gel
at 22-35 °C, we injected the ice-cold matrigel solution into the back of
mice, enabling gel formation subcutaneously. Rabbit polyclonal
antibody against human HRG was raised by immunization of a rabbit
with human HRG purified from plasma. Rat monoclonal anti-bovine
HMGB1 antibody (#10-22) was produced as previously described
(Liu et al., 2007).

2.2. Animals

All animal experiments were performed in accordance with the
guidelines of Okayama University on animal experiments, approved
by the University's committee on animal experimentation, and
conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996). Male C57BL/6] mice (24-26 g, 7-8 weeks) were
obtained from the animal resources of Okayama University. Mice were
housed at 22 °C and relative humidity with a regular 12-h light-dark
schedule. Food and water were available ad libitum.

2.3. Expression and purification of recombinant human HMGB1

Recombinant human HMGB1 was produced as described previously
(Wake et al., 2009). In brief, the complementary DNA (cDNA) encoding
full-length HMGB1 was amplified by polymerase chain reaction (PCR)
from a human microvascular endothelial cell cDNA using primers. The
PCR product was subcloned into pGEX-6p-1 vector (GE Healthcare,
Little Chalfont, England). The recombinant plasmids were transformed
into E. coli strain BL21 (DE3) (Merck, San Diego, LA) and incubated
overnight at 37 °C in Overnight Express Instant TB medium (Merck, San
Diego, LA) to express recombinant glutathione S-transferase (GST)-
HMGBI1. E. coli extract containing GST-HMGB1 fusion proteins was
incubated with glutathione-Sepharose 4B for 1 h at room temperature.
After washing, the gel bed was incubated with PreScission protease for
3 h at 4 °C. After brief centrifugation, the supernatant containing GST-
tag-deleted HMGB1 was collected and purified by gel filtration
chromatography using TSK-gel 3000SWx. (Tosoh, Tokyo, Japan).
Purified recombinant human HMGB1 protein was identified by Western
blotting (Towbin et al.,, 1979) with anti-HMGB1 monoclonal antibody
(#10-22). Lipopolysaccharide (LPS) content in purified recombinant
human HMGB1 was less than 2.0 pg/ug protein.

2.4. Purification of HRG from human plasma

HRG was purified from human plasma, as previously described
(Mori et al., 2003). In brief, human plasma was incubated with nickel-
nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Hilden, Germany) for
2 h at 4 °C with gentle shaking. The gel was packed into a column and
washed successively with 10 mM Tris-buffered saline (TBS) (pH 8.0)
containing 10 mM imidazole, and then 10 mM Tris-buffer (TB) (pH
8.0) containing 1 M NaCl. Human HRG was eluted by 0.5 M imidazole
in 10 mM TBS (pH 8.0). The protein extract was further purified by
fast protein liquid chromatography (FPLC) using a Mono Q column
(GE Healthcare, Little Chalfont, UK) with NaCl gradient. Purified
human HRG was identified by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting with human
HRG specific antibody.

2.5. Evaluation of angiogenesis using matrigel plug assay

Matrigel is a basement membrane component mixture and is liquid
at4 °C. Male C57BL/6] mice were anesthetized with 50% N,O + 50% O,
and 500 pl liquid matrigel mixture at 4 °C was injected subcutaneously
into the back using a 25G needle. The matrigel mixture contained

phosphate buffered saline (PBS), HMGB1 (2.5 pg/ml, 100 nM), heparin
(64 units/ml) (Sigma, St. Louis, MO), HRG (100 pg/ml, 1.25pM),
heparin + HMGB1, heparin +HMGB1 + HRG, human VEGF-Ay;
(185 ng/ml, 6.5 nM) or (1.85 ug/ml, 65 nM) (Peprotech, Rocky Hill,
CT), human VEGF-A;gs (250 ng/ml, 6.5nM) (Peprotech,), human
VEGF-A;5; + heparin, human VEGF-Ags + heparin, human VEGF-
Ay21 + HRG, human VEGF-A;g5 + HRG, human VEGF-A,; + heparin +
HRG or human VEGF-A;gs+ heparin + HRG. The liquid matrigel
mixture solidified 5-10 min after inoculation. After 10 days, mice
were sacrificed by cervical dislocation and the matrigel plugs were
removed and photographed. To evaluate angiogenesis, the hemoglobin
content of the removed matrigel plug was measured using a
Hemoglobin B test kit (Wako, Osaka, Japan). The matrigel plug was
homogenized in 10 mM PBS (pH 7.4) and centrifuged at 8000 xg for
10 min. The supernatant was mixed with hemoglobin coloring reagent
and incubated for 3 min at room temperature. Absorbance was
measured at 540 nm. The total hemoglobin concentration was estimat-
ed by the standard curve using hemoglobin standard reagent.
Additionally, the plugs were fixed with 10% formalin in 0.1 M phosphate
buffer and stained with hematoxylin-eosin on 5 um paraffin sections.
Microvessels in the plug were assessed by CD31 immunostaining of
5 um paraffin sections. After deparaffinization and blocking, the sections
were incubated with rabbit polyclonal anti-mouse CD31 antibody
(Abcam, Cambridge, UK) at 4 pg/ml followed by anti-rabbit IgG goat
IgG-horseradish peroxidase (HRP) (Abcam). Immunoreactivity was
visualized with 0.05% 3,3’-diaminobenzidine (Sigma) and 0.03% H,0,.
Nuclei were counterstained with Mayer's hematoxylin. A negative
control for immunohistochemical staining was obtained with the same
concentration of normal rabbit IgG. The number of CD31-positive
vessels was counted in 5 fields of the matrigel plug section under a
microscope at 400x magnification. Microvessel density (MVD) was
expressed as the number of microvessels per square millimeter.

2.6. Competition between HMGB1 and HRG using heparin-binding plate

Heparin (5 units/ml) in 10 mM PBS (pH 7.4) was added to a heparin
binding plate (BD, Franklin Lakes, NJ). After three washings with acetate
buffer (100 mM NacCl, 50 mM NaAc, 0.2% Tween-20 pH 7.2), 0.2% gelatin
solution (Sigma) was added to wells to block nonspecific binding. Each
concentration of HMGB1 (0, 5 and 10 pg/ml) and HRG (0, 10, 50 and
100 pg/ml) was added to the well and incubated at 37 °C for 2 h. After
washing, 0.5 ug/ml anti-HMGB1 monoclonal antibody (R&D Systems,
Minneapolis, MN) was added to wells followed by the addition of anti-
mouse IgG goat polyclonal IgG-HRP (MBL, Nagoya, Japan) to determine
bound HMGB1. The reaction was developed by ABTS and H,0, and
determined at 405 nm using a microplate reader model 680 (Bio-rad,
Hercules, CA).

2.7. Western blot analysis of HMGB1 levels in matrigel plug

Matrigel mixture that contained PBS, HMGB1 (2.5 pg/ml, 100 nM),
heparin (64 units/ml) + HMGB1 or heparin + HMGB1 4 HRG (100 pg/
ml, 1.25 uM) was injected subcutaneously into the back. After 1, 3 or
10 days, mice were sacrificed and the matrigel plugs were removed.
Equal amounts of matrigel homogenate sample corresponding to
2.5 mg wet weight were electrophoresed on polyacrylamide gel
(12.5%) and transferred onto a polyvinylidine difloride (PVDF)
membrane (Bio-rad). After the membrane was stained with Ponceau
S, it was blocked with 10% skim milk for 1 h and incubated overnight
at 4 °C with mouse monoclonal anti-human HMGB1 antibody (R&D
Systems) followed by anti-mouse IgG goat polyclonal IgG-HRP (MBL,
Nagoya, Japan) for 1 h at room temperature. The signals were finally
visualized using the enhanced chemiluminescence system (Pierce
Biotechnology, Rockford, IL).
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2.8. Reverse transcription polymerase chain reaction (RT-PCR)

Mouse skin samples in contact with matrigels were dissected
from the portion just above the gels as 5 mm square. Total RNA was
purified from the skin sample using an RNeasy fibrous tissue mini
kit (Qiagen, Hilden, Germany) and cDNA was synthesized using Takara
RNA PCR kit Ver. 3.0 (Takara Bio, Nagahama, Japan) according to the
manufacturer's instructions. PCR was performed in a PCR Thermal
Cycler (Takara Bio) using Ex Taq DNA polymerase HS (Takara Bio), and
sequence-specific primers according to the conditions described pre-
viously (Wake et al., 2009). The PCR product was electrophoresed on
2% agarose gel.

2.9. Real-time quantitative PCR

Real-time PCR was performed with a Light Cycler (Roche, Basel,
Swiss) using SYBR premix Ex Taq (Takara Bio, Shiga, Japan) and cDNA
from mouse skin and sequence-specific primers (Wake et al., 2009),
according to the manufacturer's instructions. The expression of
glyceraldehyde-3-phospate dehydrogenase (GAPDH) was used to
normalize cDNA levels. The PCR products were analyzed by a melting
curve to ascertain the specificity of amplification.

2.10. Statistical analysis

For each experiment, data are presented as the means + S.E.M. The
results were analyzed by one-way analysis of variance (one-way
ANOVA) followed by Student's t-test. P values <0.05 were considered
significant.

3. Results

3.1. Effect of HRG on HMGB1-induced angiogenesis in the presence of
heparin using matrigel plug assay

We investigated the anti-angiogenic effects of HRG on HMGB1-
induced angiogenesis in the presence of heparin using a matrigel plug
assay. Matrigel mixture was implanted subcutaneously into the back.
After 10 days, the matrigel plugs were removed. The matrigel plug
treated with PBS, HMGB1 or HRG alone was pale in color, whereas the
matrigel plug treated with heparin alone was slightly red; however, the
matrigel plug treated with a combination of HMGB1 and heparin was
very red and the hemoglobin content of this plug was significantly
increased, indicating that HMGB1-induced angiogenesis was heparin-
dependent. The addition of HRG to the combination of HMGB1 and
heparin almost completely inhibited the increase in hemoglobin
content induced by the combination (Fig. 1A, B). A thin section of
matrigel was stained with hematoxylin—eosin and anti-CD31 antibody.
In the group treated with a combination of HMGB1 and heparin, CD31-
positive luminal structures and many infiltrating cells, including
leukocytes, were observed in the plug (Fig. 2A panels e, k); however, a
few CD31-positive structures and infiltrating cells in the gel were
observed in sections from other groups (Fig. 2A panels a-d, f, g-j, 1). The
number of CD31-positive microvessels was counted in five random
fields. In the plug treated with the combination of HMGB1 and heparin,
CD31-positive microvessels were significantly increased compared to
those by HMGB1, heparin and HRG alone. HRG completely inhibited the
increase in CD31-positive microvessels induced by the combination.
There was a significant correlation between the hemoglobin contents
and the number of CD31-positive microvessels. Collectively, it was
suggested that HRG inhibited the migration activity of vascular
endothelial cells as well as leukocytes induced by the combination of
HMGBT1 and heparin (Fig. 2B).
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Fig. 1. Effect of HRG on the angiogenesis induced by HMGB1 and heparin using matrigel
assay. (A) Matrigel mixture contained HMGB1, HRG and heparin alone or in
combination. Ten days after inoculation, the matrigel plugs were recovered. Each
group consisted of 6 mice. (B) Hemoglobin content in matrigel plugs was determined.
Data are the means+S.E.M. of 6 matrigels. **P<0.01 vs. PBS control; #*P<0.01 vs.
heparin alone; 'P<0.05 vs. combination of HMGB1 and heparin.

3.2. Competition between HRG and HMGB1 for heparin binding

To evaluate the inhibitory effect of HRG on HMGB1-heparin
binding, we performed a competitive binding assay using a heparin-
binding plate. The molar ratios of HRG/HMGBI1, ranging from 0.3 to
6.3, were examined. The addition of increasing concentrations of HRG
inhibited HMGB1-heparin binding in a concentration-dependent
manner. One hundred micrograms/milliliter HRG (normal human
plasma concentration) inhibited HMGB1 (5 pg/ml: twice the concen-
tration of HMGB1 in matrigel plug assay)-heparin binding by 75%
(Fig. 3).

3.3. Determination of HMGBI1 levels in matrigel

To identify the degradation of HMGB1 in matrigel and its diffusion
from gel, we detected HMGB1 in plugs recovered 1, 3 and 10 days
after inoculation using Western blot analysis. Each matrigel mixture
contained PBS, HMGB1, heparin +HMGB1 and heparin +HMGB1 +
HRG, respectively. The same amount of matrigel homogenate was
loaded onto each lane (Fig. 4A). In each matrigel plug recovered 1 day
after inoculation, a constant level of HMGB1 was detected. After
3 days, HMGB1 was completely ablated in matrigel with HMGB1 and
heparin. Such a disappearance was completely suppressed by the
addition of HRG. HMGB1 levels did not significantly change in
matrigel during a 10-day period except for HMGB1 and heparin
groups (Fig. 4B). Moreover, no degradative bands were detected in
each group throughout the period. These data suggested that HMGB1
in complex with heparin diffused into tissue surrounding matrigel and
HRG completely suppressed its diffusion.
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Fig. 2. Histological study of matrigel plug sections. (A) Matrigel plug sections were stained by hematoxylin-eosin (a-f) or by anti-CD31 antibody (g-1). Matrigels contained PBS (a,g),
HMGBI alone (b,h), heparin alone (c.i), HRG alone (d,j), a combination of HMGB1 and heparin (e k), a combination of HMGB1, heparin and HRG (f]). Arrowheads indicate CD31-
positive blood vessels. Scale bar represents 100 pm. (B) Under a microscope, CD31-positive vessels were counted in 5 fields of a matrigel plug section at 400x magnification.
Microvessel density (MVD) was expressed as the number of microvessels per square millimeter. Data are the means + S.E.M. of 5 fields. **P<0.01 vs. PBS control group. *#p<0.01vs.

combination of HMGB1 and heparin.

3.4. HRG inhibited the expression of TNF-ac and VEGF-A 3 induced by
the combination of HMGB1 and heparin

Ten days after inoculation of matrigel, total RNA was extracted from
mouse skin surrounding matrigel. The expression of messenger RNA
(mRNA) coding for cytokines, matrix metalloproteinases (MMPs) or
growth factors was determined by RT-PCR. Treatment with a combina-
tion of HMGB1 and heparin significantly up-regulated the expressions of
TNF-c and VEGF-A 50 in mouse skin surrounding matrigel as compared

with any groups receiving treatment with PBS, heparin, HMGB1 and
HRG alone. The addition of HRG to the combination of HMGB1 and
heparin abolished the enhanced expression of TNF-& and VEGF-A;59
completely (Fig. 5A). In contrast, there were no significant differences in
inducible nitric oxide synthase (iNOS), endothelial NOS (eNOS), MMP-2,
MMP-9, VEGF receptor-1 (VEGFR-1), VEGFR-2, VEGF-A;¢4, VEGF-A;gg
and bFGF mRNA levels among groups (data not shown). The expression
of TNF-a¢ and VEGF-A;5p mRNA was quantified using real-time PCR.
Treatment of HMGB1 alone significantly increased the expression of
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Fig. 3. HMGBI1 binding to heparin. HMGB1 alone or in combination with indicated
concentrations of HRG (10, 50 or 100 pg/ml) was added to heparin-coated wells of
heparin binding plate and incubation continued for 2 h at 37 °C. Bound HMGB1 was
detected with anti-HMGB1 monoclonal antibody, followed by anti-mouse 1gG-HRP.
Data are the means + S.E.M. of 3 wells. **P<0.01 vs. HMGBI1 alone.

TNF-o¢ mRNA compared with the PBS-alone group. TNF-o¢ and VEGF-
A;>0 mRNA levels were significantly increased in the group treated with
the combination of HMGB1 and heparin compared with groups treated
with PBS, heparin, HMGB1 and HRG alone. The addition of HRG
suppressed the enhanced expression of TNF-o« and VEGF-A;;0 mRNA
induced by the combination of HMGB1 and heparin (Fig. 5B).

3.5. Effects of VEGF, HRG and heparin on angiogenesis using matrigel
plug assay

We assessed the anti-angiogenic effects of HRG on VEGF-induced
angiogenesis using the matrigel plug assay. Ten days after inoculation,
the matrigel plugs were recovered. VEGF-Ag5 (250 ng/ml, 6.5 nM), a
heparin binding growth factor, alone did not induce angiogenesis
(Fig. 6), whereas the combination of VEGF-A;gs and heparin did
induce angiogenesis (Fig. 6). Angiogenesis induced by VEGF-A;g5 and
heparin was suppressed by HRG, as in the combination of HMGB1 and
heparin. VEGF-A;3; (185 ng/ml, 6.5 nM) lacking the heparin-binding
domain alone and the combination of VEGF-A;,; and heparin did not
induce angiogenesis significantly. These results suggested that
heparin has an important role in VEGF-induced angiogenesis.
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Fig. 4. Determination of HMGB1 levels in matrigel using Western blot analysis matrigel
mixture contained PBS, HMGB1, heparin + HMGB1 or heparin +HMGB1 + HRG. After 1, 3
and 10 days, the matrigel plugs were recovered. Matrigel plug homogenate corresponding
to 2.5 mg wet weight of matrigel was loaded onto each lane. (A) Ponseau S staining of PVDF
membrane. (B) Detection of HMGB1 in matrigel. (—) Negative control, matrigel contains
PBS alone. (+) Positive control, recombinant human HMGB1.

4. Discussion

In the previous study, we reported that HMGB1 in complex with
heparin induced marked angiogenesis in the matrigel plug assay (Wake
et al., 2009). One of the main reasons for heparin dependence of the
angiogenic effect of HMGB1 was demonstrated to be due to the
diffusibility of HMGB1 and heparin complex from matrigel into
surrounding tissue where the proliferation of infiltrating microvascu-
lature occurred (Wake et al.,, 2009). It was speculated that the restriction
of diffusion of HMGB1 alone was ascribed to the binding of HMGB1 to
the abundant heparan sulfate proteoglycan structure in matrigel. The
other reason may be the resistance of HMGB1 and heparin complex to
degradation by proteases (Wake et al,, 2009). Collectively, HMGB1 in
complex with heparin can diffuse to surrounding matrigel and stimulate
vascular endothelial cells without degradation by proteases. Consistent
with these findings, HMGB1 in combination with heparin induced the
expression of TNF-a and VEGF-A;,9 mRNA. Since it is known that both
TNF-ae and VEGF-A59 have angiogenic activities (Leibovich et al., 1987;
Yoshidaetal., 1997; Hoeben et al., 2004), the present result implies that
HMGB1 release may occur upstream of TNF-a and VEGF-A;;q
production under some in vivo conditions. Moreover, VEGF-A;gs,
heparin-binding growth factor, in complex with heparin, induced
angiogenesis. This revealed that heparin has an important role in
heparin-binding growth factor-induced angiogenesis.

In the present study, HRG completely inhibited the angiogenesis
induced by HMGB1 and heparin complex. Because HRG was also
reported to interact strongly with heparin (K4~7 nM) (Lijnen et al.,
1983), we examined the competition between HMGB1 and HRG for
heparin binding (Fig. 3). The results suggested that HMGB1 and HRG
have similar affinity for heparin and are competitive for heparin binding
under a constant level of heparin; therefore, it is quite likely that the
addition of HRG to matrigel replaced the binding of HMGB1 to heparin,
facilitating the trapping of HMGB1 by heparan sulfate proteoglycan in
matrigel. This notion was strongly supported by the determination of
HMGBI levels in matrigel under different conditions. Additionally, HRG
is known to inhibit the digestion of heparan sulfate by heparanase
released from macrophages and mast cells (Freeman and Parish, 1997),
thereby inhibiting the de-anchoring of HMGB1 from extracellular
matrix (ECM). Parallel and complete inhibitory effects of HRG on both
angiogenesis and the expression of TNF-c¢ and VEGF-A;,q induced by
the combination of HMGB1 and heparin strongly suggested that the
limitation of HMGB1 diffusion, suppression of TNF-o« and VEGF-A;59
expression and inhibition of angiogenesis were causative and successive
events in this matrigel assay system. In the present study, we also
demonstrated that HRG inhibited the heparin-dependent effect of
VEGF-A,gs with the heparin-binding domain on angiogenesis. More-
over, it was reported that HRG inhibited the heparin-dependent effect of
bFGF on angiogenesis (Juarez et al,, 2002; Guan et al., 2004). These
findings as a whole suggest that HRG may be a common inhibitor of
heparin-binding growth factors.

HMGB1 was reported to be released from necrotic cells. HMGB1
has multiple pro-inflammatory effects on vascular endothelial cells as
well as leucocytes. In addition, the present study confirmed the
heparin-dependent angiogenic activity of HMGB1; therefore, it is
speculated that the release of heparin from mast cells at a certain
stage of inflammation may trigger angiogenic activity by de-
anchoring the extracellular HMGB1 trapped by heparan sulfate in
ECM or on the cell surface. Furthermore, the subsequent exposure of
HMGB1-heparin complex to a relatively high concentration of HRG in
plasma after canalization will arrest angiogenesis by competing
heparin binding. Thus, HRG may also regulate the angiogenic activity
of multiple factors, including HMGB1.

It was reported that many types of cancer cells release HMGB1
(Kawahara et al., 1996; Taguchi et al., 2000; Choi et al., 2003; Kuniyasu
etal,, 2003, 2004) and that mast cells with heparin-containing granules
are abundant in the invasive front of tumors (Yoshii et al.,, 2005; Halin
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in mouse skin surrounding the matrigel plug was quantified using real-time PCR. The expression of GAPDH was used to normalize cDNA levels. Data are the means 4 S.E.M. of 3
animals. *P<0.05, **P<0.01 vs. control group; #*#P<0.01 vs. combination of HMGB1 and heparin.

etal, 2009); therefore, it is possible that part of the angiogenic activity of angiogenesis in the presence of heparin but also suppresses tumor
the invasive front of tumors may be ascribed to the action of HMGB1 and growth (Juarez et al., 2002; Dofate et al., 2004; Guan et al., 2004; Olsson
heparin complex. HRG not only inhibits VEGF- and bFGF-induced et al., 2004). These findings imply that HRG or HRG-derived active
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inoculation, the matrigel plugs were recovered. Each group consisted of 6 mice. (B) Hemoglobin contents in matrigel plugs were determined. Data are the means + S.E.M. of 6 matrigels.
*p 20,01 vs. PBS control without treatment. *#P<0.01 vs. heparin alone. P<0.01 vs. combination of VEGF-A;¢s and heparin.
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domain peptides may have high potential for cancer therapy. Further
work is necessary on this issue.
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ABSTRACT

Advanced glycation end product (AGE) subtypes, proteins or
lipids that become glycated after exposure to sugars, induce
complications in diabetes. Among the various AGE subtypes,
glyceraldehyde-derived AGE (AGE-2) and glycolaldehyde-de-
rived AGE (AGE-3) have been indicated to play roles in inflam-
mation in diabetic patients. The engagement of AGEs and
receptor for AGEs activates monocytes. Because the engage-
ment of intercellular adhesion molecule-1 (ICAM-1), B7.1, B7.2,
and CD40 on monocytes with their ligands on T cells plays roles
in cytokine production, we investigated the effects of AGE-2
and AGE-3 on the expressions of ICAM-1, B7.1, B7.2, and
CD40 on monocytes, the production of interferon y and tumor
necrosis factor «, and the lymphocyte proliferation in human
peripheral blood mononuclear cells and their modulation by
prostaglandin E, (PGE,). AGE-2 and AGE-3 induced the ex-
pressions of adhesion molecule, the cytokine production, and
the lymphocyte proliferation. PGE, concentration-dependently

inhibited the actions of AGE-2 and AGE-3. The effects of PGE,
were mimicked by an E-prostanoid (EP),-receptor agonist,
11,15-O-dimethyl prostaglandin E, (ONO-AE1-259-01), and an
EP, receptor agonist, 16-(3-methoxymethyl)phenyl-w-tetranor-
3,7-dithia prostaglandin E, (ONO-AE1-329). An EP,-receptor
antagonist, 6-isopropoxy-9-oxaxanthene-2-carboxylic acid
(AHB6809), and an EP,-receptor antagonist, {(42)-7-[(rel-
1$,2S,5R)-5-(1,1'-biphenyl-4-ylymethoxy)-2-(4-morpholinyl)-3-
oxocyclopentyl]-4-heptenoic acid (AH23848), inhibited the ac-
tions of PGE,. The stimulation of EP, and EP, receptors is
reported to increase cAMP levels. The effects of PGE, were
reversed by a protein kinase A (PKA) inhibitor, H89, and mim-
icked by a dibutyryl cAMP and an adenylate cyclase activator,
forskolin. These results as a whole indicated that PGE, inhib-
ited the actions of AGE-2 and AGE-3 via EP,/EP, receptors and
the cAMP/PKA pathway.

It is known that sugars, including glucose, fructose, and
triose, react with amino groups of proteins nonenzymati-
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cally, leading to the formation of advanced glycation end
product (AGE) (Brownlee et al., 1988). AGEs, a heteroge-
neous group of complex structures, form nonenzymatically
when reducing sugars react with free amino groups on
proteins, lipids, or nucleic acids. The formation and accu-
mulation of AGEs occur at an accelerated rate in diabetic
patients and may participate in the pathogenesis of dia-
betic micro- and macrovascular complications (Bierhaus et

ABBREVIATIONS: AGE, advanced glycation end product; RAGE, receptor for advanced glycation end product; NF-«B, nuclear factor «B; TNF,
tumor necrosis factor; IL, interleukin; ICAM, intercellular adhesion molecule; IFN, interferon; PBMC, peripheral blood mononuclear cell; PGE,,
prostaglandin E,; COX, cyclooxygenase; AH6809, 6-isopropoxy-9-oxaxanthene-2-carboxylic acid; AH23848, [1a{Z BSA, bovine serum albumin;
dbcAMP, dibutyryl cAMP; FITC, fluorescein isothiocyanate; mAb, monoclonal antibody; ELISA, enzyme-linked immunosorbent assay; sRAGE,
soluble form of RAGE; PKA, protein kinase A; NS-398, N-[2-(cyclohexyloxyl)-4-nitrophenyl]-methane sulfonamide; EP, E-prostanoid; ONO-AE1-
259-01, 11,15-O-dimethyf prostaglandin E,; ONO-AE1-329, 16-(3-methoxymethyl)phenyl-w-tetranor-3,7-dithia prostaglandin E,; AH23848, (42)-
7-[(rel-18,2S,5R)-5-(1,1' -biphenyl-4-yl)methoxy)-2-(4-morpholinyl)-3-oxocyclopentyl]-4-heptenoic  acid; ONO-DI-004, 178-2,5-ethano-6-oxo-
17,20-dimethyl prostaglandin E,; ONO-AE-248, 165-9-deoxy-9p-chloro-15-deoxy-16-hydroxy-17,17-trimethylene-~19,20-didehydro prostaglandin F,.
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Fig. 1, The effects of PGE, on AGE-2- and AGE-3-induced expressions of ICAM-1, B7.1, B7.2, and CD40 on monocytes PBMC at 1 X 10° cells/ml were
incubated with PGE, at increasing concentrations from 1 nM to 1 M in the presence of AGE-2 (A), AGE-3 (B), and BSA (C) at 100 pg/ml for 24 h.
The expressions of ICAM-1, B7.1, B7.2, and CD40 on monocytes were determined by flow cytometry. Isotype-matched control represents FITC-
conjugated IgG1. The results are expressed as the means + S.E.M. of five donors with triplicate determinations. #+, P < 0.01 compared with the value
for AGE-2 and AGE-3. When an error bar was within a symbol, the bar was omitted.

al., 1998; Fukami et al., 2004). It provided direct immuno-
chemical evidence of the existence of four distinct AGE
structures, including AGE-2, AGE-3, AGE-4, and AGE-5,
within AGE-modified proteins and peptides (Takeuchi and
Yamagishi, 2004). Among the various subtypes of AGE, it
has been shown that glyceraldehyde-derived AGE (AGE-2)
and glycolaldehyde-derived AGE (AGE-3) are the main
AGE structures detectable in the serum of diabetic pa-
tients. Toxic AGE structures, AGE-2 and AGE-3, have
diverse biological activities on vascular wall cells, mesan-

gial cells, Schwann cells, malignant melanoma cells, and
cortical neurons (Okamoto et al., 2002; Yamagishi et al.,
2002). AGE-2 plays roles in the development of atheroscle-
rosis (Takeuchi et al.,, 2000). The interaction between
AGEs and the receptor for AGEs (RAGE) perturbs a vari-
ety of vascular homeostatic functions and thus may con-
tribute to diabetic vasculopathy (Schmidt et al., 1994;
Wautier et al., 1996; Park et al., 1998). AGEs and RAGE
are reported to be detected in atherosclerotic plaque of
diabetic patients (Cuccurullo et al., 2006). A recent study
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Fig. 2. The effects of PGE, on AGE-2- and AGE-3-induced production of IFN-y and TNF-« and the lymphocyte proliferation in PBMC. The effect of
PGE, at increasing concentrations from 1 nM to 1 uM in the presence of AGE-2 (A), AGE-3 (B), and BSA (C) at 100 pg/ml on IFN-y and TNTF-a
concentrations in conditioned media was determined by ELISA. The lymphocyte proliferation was determined by [*H]thymidine uptake as described
under Materials and Methods. The results are expressed as the means = S.E.M. of five donors with triplicate determinations. #x, P < 0.01 compared
with the value for AGE-2 and AGE-3. When an error bar was within a symbol, the bar was omitted.

reported that RAGE expression is associated with apopto-
tic smooth muscle cells and macrophages, suggesting that
RAGE may promote plaque destabilization (Burke et al.,
2004). It is reported that AGE-modified proteins can in-
duce various proinflammatory and procoagulant cellular
responses resulting from nuclear factor kB (NF-«B) acti-
vation (Yan et al., 1994), including the expression of vas-
cular cell adhesion molecule-1, tumor necrosis factor
(TNF)-«, interleukin (IL)-6, and tissue factor (Schmidt et

al., 1994, 1995; Miyata et al., 1996; Bierhaus et al., 1997;
Hofmann et al., 1999).

Microinflammation plays roles in the pathogenesis of dia-
betic vascular complications. It is reported that diabetes has
more macrophage and T-cell infiltration in atherosclerotic
plaques (Burke et al., 2004). Activation of monocytes/macro-
phages and T cells induces the progression of inflammatory
atherosclerotic plaques (Stoll and Bendszus, 2006). The en-
hanced expression of adhesion molecule, including intercel-
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The IC,, values for the inhibitory effect of PGE, and EP,,, receptor agonists in the presence of AGE-2 and AGE-3

The results are expressed as the means + S.E.M. of five donors with triplicate determinations.

ICAM-1 B7.1 B7.2 CD40 TNF-a IFN-y Proliferation
niM
AGE-2
PGE, 7+02 7Tx02 8+0.3 802 702 8=0.3 7+03
ONO-AE1-259-01 902 10 201 1001 803 702 8= 0.2 7+02
ONO-AE1-329 9+0.2 1002 10+ 0.1 1002 10+ 0.2 10x02 10 = 0.3
AGE-3
PGE, 8§+03 8+0.1 10+ 0.2 15 = 0.3 803 8§x0.1 7%=04
ONO-AE1-259-01 802 10+ 01 10 £ 0.2 8x02 Tx02 8§02 8x02
ONO-AE1-329 9+ 0.2 10x0.1 10 = 0.2 10+ 0.1 10+ 0.3 10x01 10 =02

lular adhesion molecule (ICAM)-1, B7, and CD40, on mono-
cytes results in the activation of T cells (Durie et al., 1994,
Ranger et al., 1996; Camacho et al., 2001). We also found that
cell-to-cell interactions were brought about via the engage-
ment between ICAM-1, B7.1, B7.2, and CD40 on monocytes
and their ligands; lymphocyte function-associated antigen 1,
CD28, and CD40 ligand on T cells were involved in T-cell
activation, inducing the production of TNF-a and interferon
(IFN)-y in peripheral blood mononuclear cells (PBMC) (Ta-
kahashi et al., 2003). Blockade of the engagement of adhesion
molecules by antibodies against ICAM-1, B7.1, B7.2, and
CD40 reduced cytokine production in PBMC. In a previous
study, we found that AGE-2 and AGE-3, but not AGE-4 and
AGE-5, induced the expressions of ICAM-1, B7.1, B7.2, and
CD40 on monocytes, the production of IFN-y and TNF-q,
and the lymphocyte proliferation in PBMC (Takahashi et al.,
2009; Wake et al., 2009). We suggested that the activation of
T cells by the enhancement of adhesion molecule expression
on monocytes might result in the development of diabetic
microangiopathy.

Prostaglandin E, (PGE,), one of the major products of
cyclooxygenase (COX)-initiated arachidonic acid metabolite
released from monocytes, primes naive human T cells for
enhanced production of anti-inflammatory cytokines and the
inhibition of proinflammatory cytokines through COX-2
(Coleman et al., 1994; Hempel et al., 1994). There are four
subtypes of PGE, receptors: prostanoid EP,, EP,, EP,, and
EP, receptors (Coleman et al., 1994). Activation of EP, and
EP, receptors leads to an increase in cAMP levels (Coleman
et al., 1994). However, little is known about the effect of
PGE, on the AGE-2- and AGE-3-induced adhesion molecule
expressions on monocytes. Therefore, we examined the effect
of PGE, on AGE-2- and AGE-3-induced expressions of
ICAM-1, B7.1, B7.2, and CD40 on monocytes, the production
of IFN-y and TNF-a, and the lymphocyte proliferation in
PBMC.

Materials and Methods

Reagents and Drugs. PGE,, AH6809, and AH23848 were pur-
chased from Sigma-Aldrich (St. Louis, MO). ONO-D1-004, ONO-
AE1-259-01, ONO-AE-248, ONO-AE1-329, and 11-deoxy-PGE, were
provided by Ono Pharmaceutical Co. Ltd. (Tokyo, Japan). Glyceral-
dehyde-derived AGE (AGE-2) and glycolaldehyde-derived AGE
(AGE-3) were prepared as described previously (Cuccurullo et al,,
2006). In brief, AGE-bovine serum albumin (BSA) was prepared by
incubating BSA at 50 mg/ml (Sigma-Aldrich) in NaPO, buffer (0.2 M,
pH 7.4) with p-glyceraldehyde (AGE-2) at 0.2 M and D-glycolalde-
hyde (AGE-3) at 0.2 M (Wako, Tokyo, Japan) at 37°C for 7 days in the

presence of 1.6 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, and
1.0 X 10° U/ penicillin under endotoxin-free conditions. Dibutyryl
cAMP (dbeAMP) and forskolin were purchased from Wako. H89 was
purchased from Sigma-Aldrich. For flow cytometric analysis, a fluo-
rescein isothiocyanate (FITC)-conjugated mouse IgGl monoclonal
antibody (mAb) against ICAM-1/CD54 was purchased from Dako
Denmark A/S (Glostrup, Denmark). FITC-conjugated mouse IgG1l
mAbs against B7.2 and CD40 were purchased from BD Pharmingen
(San Diego, CA), and an FITC-conjugated IgGl isotype-matched
control was obtained from Sigma-Aldrich.

Isolation of PBMC and Monocytes. Normal human PBMCs
were obtained from 10 healthy volunteers after acquiring institu-
tional review board approval (Okayama University Institutional Re-
view Board Number 106). Samples of 20 to 50 ml of peripheral blood
were withdrawn from a forearm vein, after which PBMCs were
prepared, and monocytes isolated from PBMC were separated by
counterflow centrifugal elutriation as described previously (Taka-
hashi et al., 2003). The PBMC and monocytes were then suspended
at a final concentration of 1 X 10° cells/ml in the medium as de-
scribed previously (Takahashi et al., 2003).

Flow Cytometric Analysis. Changes in the expression of human
leukocyte antigens ICAM-1, B7.1, B7.2, and CD40 on monocytes
were examined by multicolor flow cytometry using a combination of
anti-CD14 Ab with anti-ICAM-1, anti-B7.1, anti-B7.2, or anti-CD40
Ab. PBMCs at 1 X 10° cells/ml were incubated for 24 h. Cultured
cells at 5 X 10° cells/ml were prepared for flow cytometric analysis as
previously described {(Takahashi et al., 2003) and analyzed with a
FACSCalibur (BD Biosciences, San Jose, CA). The data were pro-
cessed using the CellQuest program (BD Biosciences).

Cytokine Assay. PBMCs at 1 X 10° cells/ml were used to analyze
IFN-y and TNF-a production. After culturing for 24 h at 37°C in a 5%
CO,/air mixture, cell-free supernatant was assayed for IFN-y and
TNF-a protein by enzyme-linked immunosorbent assay (ELISA) us-
ing the multiple Abs sandwich principle (R&D Systems, Minneapo-
lis, MN). The detection limits of ELISA for IFN-y and TNF-o were 10
pg/ml.

Proliferation Assay. PBMCs were treated with various condi-
tions. Cultures were incubated for 48 h, during which they were
pulsed with [PH]thymidine (3 - 3 Ci/well) for the final 16 h. Cells were
then divided into 96-well microplates, 200 pl/well, resulting in 1 pCi
[*Hlthymidine per well, and harvested by the Micro-Mate 196 Cell
Harvester (PerkinElmer Life and Analytical Sciences, Waltham,
MA). Thymidine incorporation was measured by a beta-counter (Ma-
trix 9600; PerkinElmer Life and Analytical Sciences).

Measurement of cAMP Production in Monocytes. Monocytes
at 1 X 10° cells/ml were incubated at 37°C in a 5% CO,/air mixture
under different conditions. After the indicated periods, cells at 2 X
10° cells/200 pl/well were supplemented with trichloroacetic acid to
a final concentration of 5% and 3-isobutyl-1-methylxanthine, an
inhibitor of phosphodiesterase, at 100 pM and frozen at —80°C.
Frozen samples were subsequently sonicated and assayed for cAMP
using a cAMP enzyme immunoassay kit (Cayman Chemical, Ann
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Arbor, MI) according to the manufacturer’s instructions, for which no
acetylation procedures were performed.

Statistical Examination. Statistical significance was evaluated
using analysis of variance followed by Dunnett’s test. A probability
value of less than 0.05 was considered to indicate statistical signif-
icance. The results were expressed as the means = S.E.M. of tripli-
cate findings from five donors.

Results

Effects of PGE, on AGE-2- and AGE-3-Induced Ex-
pressions of ICAM-1, B7.1, B7.2, and CD40 on Mono-
cytes, the Production of IFN-y and TNF-a, and the
Lymphocyte Proliferation in PBMC. In the previous
study, to evaluate the binding of AGE subtypes to RAGE, we
established an in vitro assay by using the immobilized AGE
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subspecies and the His-tagged soluble form of RAGE
(sRAGE) protein (Takahashi et al., 2009). AGE-2 and AGE-3
showed relatively high affinity binding for sSRAGE, whereas
AGE-4 and AGE-5 showed moderate affinity for sSRAGE. The
appropriate incubation time and concentration of AGEs were
determined according to the study (Takahashi et al., 2009;
Wake et al., 2009). AGE-2 and AGE-3 at 100 pg/ml signifi-
cantly induced the expressions of ICAM-1, B7.1, B7.2, and
CD40, the production of IFN-y and TNF-qa, and the prolifer-
ation at 16 h and thereafter up to 24 and 48 h. Moreover, the
effects of AGE-2 and AGE-3 at concentrations ranging from
100 ng/ml to 100 pg/ml for 24 h were determined. AGE-2 and
AGE-3 at 10 and 100 pg/ml significantly induced the expres-
sions of adhesion molecule, the cytokine production, and the
lymphocyte proliferation.
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S.E.M. of five donors with triplicate determinations. **, P < 0.01 compared

with the values for AGE-2 and AGE-3. When an error bar was within a symbol, the bar was omitted.

As shown in Figs. 1 and 2, we established the effect of
PGE, at concentrations ranging from 1 nM to 1 uM on the
expressions of ICAM-1, B7.1, B7.2, and CD40 and its affect
on the production of IFN-y and TNF-« and the lymphocyte
proliferation in the presence of AGE-2 and AGE-3 at 100
ug/ml. PGE, concentration-dependently inhibited AGE-2-
and AGE-3-induced expressions of ICAM-1, B7.1, B7.2, and
CD40, the production of IFN-y and TNF-q, and the lympho-
cyte proliferation. The IC;, values for the inhibitory effect of
PGE, on the expressions of ICAM-1, B7.1, B7.2, and CD40
and its affect on the production of IFN-y and TNF-« and the
lymphocyte proliferation in the presence of AGE-2 and
AGE-3 are shown in Table 1. Moreover, we found that PGE,
had no effect on the adhesion molecule expression and cyto-
kine production in the presence of AGE-4 and AGE-5 (data
not shown).

Involvement of Prostanoid EP, and EP, Receptors
in the Actions of PGE,. To determine the involvement of
PGE, receptor subtypes in the effects of PGE, on the expres-
sions of ICAM-1, B7.1, B7.2, and CD40, the production of
IFN-y and TNF-q, and the lymphocyte proliferation, the ef-

fects of an EP, receptor agonist, ONO-D1-004 (Suzawa et al.,
2000; Noguchi et al., 2001), an EP, receptor agonist, ONO-
AE1-259-01 (Suzawa et al., 2000; Noguchi et al., 2001), an
EP, receptor agonist, ONO-AE-248 (Suzawa et al., 2000;
Noguchi et al., 2001), and an EP, receptor agonist, ONO-
AE1-329 (Suzawa et al., 2000; Noguchi et al., 2001), at con-
centrations ranging from 1 nM to 1 pM, on the adhesion
molecule expression, the cytokine production, and the lym-
phocyte proliferation in the presence of AGE-2 and AGE-3 at
100 pM were determined (Figs. 3 and 4). The IC;, values for
the inhibitory effect of ONO-AE1-259-01 and ONO-AE1-329
on the expressions of ICAM-1, B7.1, B7.2, and CD40 and its
affect on the production of IFN-y and TNF-a and the lym-
phocyte proliferation in the presence of AGE-2 and AGE-3
were shown in Table 1. It is apparent that the EP, and EP,
receptor agonists concentration-dependently inhibited
AGE-2- and AGE-3-induced effects on the adhesion molecule
expression, the cytokine production, and the lymphocyte pro-
liferation, but EP; and EP, receptor agonists had no effect.
Moreover, we confirmed that a mixed EP,/EP, receptor ago-
nist, 11-deoxy-PGE; (Suzawa et al., 2000; Noguchi et al.,
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bar was omitted.

2001), inhibited AGE-2- and AGE-3-induced adhesion mole-
cule expression in a concentration-dependent manner (Fig.
5). Moreover, the effect of an EP, receptor antagonist,
AH6809 (Kay et al., 2006), and an EP, receptor antagonist,
AH23848 (Kay et al., 2006), at concentrations ranging from
0.1 to 100 M, on the adhesion molecule expression, cytokine
production, and lymphocyte proliferation was examined in
the presence of PGE, at 1 uM (Figs. 6 and 7). AH6809 and
AH23848 reversed the inhibitory effect of PGE, on AGE-2-
and AGE-3-induced expressions of ICAM-1, B7.1, B7.2, and
CD40, the production of IFN-y and TNF-q, and the lympho-

cyte proliferation in a concentration-dependent manner. On
the other hand, AH6809 and AH23848 had no effect on the
actions of AGE-2 and AGE-3 in the absence of PGE,,.
Effects of PGE, on the Production of cAMP in Mono-
cytes in the Presence or Absence of AGE-2 and AGE-3.
The effects of PGE, at 10 nM on the production of intracel-
lular cAMP in monocytes isolated from PBMC in the pres-
ence (100 pg/ml) or absence of AGE-2 and AGE-3 were de-
termined (Fig. 8). PGE, induced the production of cAMP in
monocytes at a peak 30 min after stimulation. The presence
of AGE-2 and AGE-3 did not influence the production of camp
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compared with the values for PGE, in the presence of AGE-2 and AGE-3. When an error bar was within a symbol, the bar was omitted.

induced by PGE,. EP, and EP, receptor agonists at 10 nM
induced the production of camp (Fig. 8).

Involvement of cAMP in the Actions of PGE,. To in-
vestigate the involvement of the cAMP/protein kinase A
(PKA) pathway in the effects of PGE, on the expressions of
ICAM-1, B7.1, B7.2, and CD40, the production of IFN-y and
TNF-«, and the lymphocyte proliferation, the effect of a PKA

inhibitor, H89, at concentrations ranging from 0.1 to 100 pM,
on the actions of PGE, in the presence of AGE-2 and AGE-3
at 100 pg/ml was determined (Figs. 9 and 10). H89 reversed
the inhibitory effect of PGE, on AGE-2- and AGE-3-induced
expressions of ICAM-1, B7.1, B7.2, and CD40, the production
of IFN-y and TNF-«, and the lymphocyte proliferation. On
the other hand, H89 had no effect on the actions of AGE-2
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and AGE-3 in the absence of PGE,,. As shown in Figs. 11 and
12, the effects of a membrane-permeable cAMP analog, db-
cAMP, and an adenylate cyclase activator, forskolin, at con-
centrations ranging from 0.1 to 100 pM, on the expressions of
ICAM-1, B7.1, B7.2, and CD40 on monocytes, the production
of IFN-y and TNF-a, and the lymphocyte proliferation in
PBMC in the presence of AGE-2 and AGE-3 at 100 pg/ml
were examined. Both dbcAMP and forskolin inhibited
AGE-2- and AGE-3-induced adhesion molecule expressions,
the cytokine production, and the lymphocyte proliferation in
a concentration-dependent manner.

Discussion

The level of glyceraldehyde-derived AGE (AGE-2) is re-
ported to be 17 pg/ml in the serum of patient with diabetes
(Enomoto et al., 2006; Nakamura et al., 2007). It is reported
that AGEs at the concentrations ranging from 50 to 200
pg/ml remarkably induce human monocyte adhesion to bo-
vine retinal endothelial cells (Mamputu et al., 2004). AGEs at
200 pg/ml induce the expression of CD40, CD80, and CD86
and the production of IFN-y in dendritic cells (Ge et al.,
2005). In the previous study, we found that AGE-2 and
AGE-3 at 10 and 100 pg/ml significantly up-regulated the
expressions of [ICAM-1, B7.1, B7.2, and CD40, the production
of IFN-y and TNF-a, and the lymphocyte proliferation (Ta-
kahashi et al., 2009). Thus, the concentration used in the
present study covers the pathological concentration of AGEs
reported in the studies (Enomoto et al., 2006; Nakamura et

al., 2007). Moreover, the accumulation of AGEs is shown in
the atherosclerotic lesion by immunohistochemistry (Naka-
mura et al., 1993). It is probably that higher concentrations
of AGEs may be present in the specific inflammatory lesions.
Therefore, we determined the effects of AGEs at rather high
pharmacological concentration (100 pg/ml).

In the present study, we found, for the first time, that
PGE, inhibited AGE-2- and AGE-3-induced expressions of
ICAM-1, B7.1, B7.2, and CD40, the production of IFN-y and
TNF-q, and the lymphocyte proliferation (Figs. 1 and 2). It is
suggested that PGE, modulates inflammation during athero-
genesis and other inflammatory diseases by suppressing
macrophage-derived chemokine production via the EP, re-
ceptor (Takayama et al., 2002). To investigate receptor sub-
types involved in the action of PGE,, we used selective ago-
nists for respective receptors (Suzawa et al., 2000). The EP,,
receptor agonist, ONO-AE1-259-01, and the EP, receptor
agonist, ONO-AE1-329, were shown to be highly selective for
mouse EP, and EP, receptors, respectively, using a receptor
binding assay for Chinese hamster ovary cells transfected
with each EP ¢cDNA (Suzawa et al., 2000). It is reported that
the selective EP,, EP,, EP,, and EP, receptor agonists used
in the present study were highly selective for their respective
receptors (Suzawa et al., 2000). For example, the EP,, recep-
tor agonist, ONO-AE1-259, had at least 700-fold higher af-
finity for EP, receptors compared with other receptor ago-
nists (Suzawa et al., 2000). As shown in Figs. 3 and 4,
ONO-AE1-259 and ONO-AE-1-329 mimicked the effects of
PGE, on the adhesion molecule expression, the cytokine pro-
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Fig. 9. The effects of PKA inhibitor on PGE,-inhibited ICAM-1, B7.1, B7.2, and CD40 expressions. The effect of a PKA inhibitor, H89, at inereasing
concentrations from 0.1 to 100 uM on the expressions of ICAM-1, B7.1, B7.2, and CD40 on monocytes treated with PGE, at 10 nM in the presence of
the AGE-2 (A) and AGE-3 (B) at 100 pg/ml was determined by flow cytometry. Filled circles (@) represent the effects of H89 on the PGE,-induced
inhibition of responses in the presence of AGE-2 and AGE-3. Open circles (O) represent the effects of H89 in the presence of AGE-2 and AGE-3 without
PGE, stimulation. The results are expressed as the means * S.E.M. of triplicate findings from five donors. =, P < 0.01 compared with the value for

PGE,. When an error bar was within a symbol, the bar was omitted.

duction, and the lymphocyte proliferation. In the present
study, IC,, values for the inhibitory effects of ONO-AE1-259
and ONO-AE-1-329 on the expression of ICAM-1 on mono-
cytes induced by AGE-2 and AGE-3 were similar, respec-
tively (Table 1). It is unlikely that either receptor agonist
stimulated the other receptors at the concentration range
used judging from the selectivity of each agonist. As shown in
Fig. 5, the observation that the mixed EP,/EP, receptor ag-
onist, 11-deoxy-PGE, (Noguchi et al., 2001), mimicked the
inhibition of AGE-2- and AGE-3-induced adhesion molecule
expression by PGE, was consistent with the above conclu-
sion. Because the ICy, values of PGE, to prevent the up-
regulation of adhesion molecule expressions, cytokine pro-
duction, and lymphocyte proliferation were consistent with
the affinity of those agonists to typical EP, and EP, receptors
(Table 1) (Takahashi et al., 2002). Moreover, the EP, receptor
antagonist, AH6809, and the EP, receptor antagonist,
AH?23848, inhibited the actions of PGE, (Figs. 6 and 7).
Therefore, it was suggested that the inhibitory effect of PGE,,

was mediated by the stimulation of EP, and EP, receptors
but not EP, and EP; receptors.

It is known that the stimulation of EP, and EP, receptors
induces the production of cAMP (Coleman et al., 1994). As
shown in Fig. 8, PGE,, EP,, and EP, receptor agonists in-
duced the production of cAMP in monocytes irrespective of
the presence of AGE-2 and AGE-3. The PKA inhibitor, H89,
inhibited the action of PGE, (Figs. 9 and 10), and the cAMP
analog, dbcAMP, and the adenylate cyclase activator, forsko-
lin, mimicked the effect of PGE, (Figs. 11 and 12). These
results suggested the involvement of the EP/EP, receptor-
cAMP/PKA pathway in the actions of PGE,. In addition, the
present data were consistent with the finding that the eleva-
tion of cAMP prevents the production of TNF-a in monocytes
of diabetic patients (Jain et al., 2002). We observed a similar
pattern of the inhibitory effects of PGE, on IL-18-induced
activation of monocytes in human PBMC via EP, and EP,
receptors (Takahashi et al., 2002). Thus, there may be a
common pathway triggered by IL-18 and AGEs that was
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Fig. 10. The effects of PKA inhibitor on PGE,-inhibited TNF-« and IFN-y production and the lymphocyte proliferation. The effect of a PKA inhibitor,
H89, at increasing concentrations from 0.1 to 100 pM on the production of TNF-a and IFN-y in PBMC treated with PGE, at 10 nM in the presence
of AGE-2 (A) and AGE-3 (B) at 100 pg/ml was determined by ELISA. The lymphocyte proliferation was determined by [PHlthymidine uptake as
described under Materials and Methods. Filled circles (@) represent the effects of H89 on the PGE,-induced inhibition of responses in the presence of
AGE-2 and AGE-3. Open circles (O) represent the effects of H89 in the presence of AGE-2 and AGE-3 without PGE, stimulation. The results are
expressed as the means + S.E.M. of triplicate findings from five donors. *+, P < 0.01 compared with the value for PGE,. When an error bar was within

a symbol, the bar was omitted.

regulated by the EP,/EP, receptor-cAMP/PKA system. Fur-
ther work is necessary on this issue.

In the previous study, we found that AGE-2 and AGE-3
had higher affinity for RAGE than AGE-4 and AGE-5 using
an in vitro binding assay (Takahashi et al., 2009). AGE-2 and
AGE-3, but not AGE-4 and AGE-5, induced the up-regulation
of their receptor RAGE expression on the cell surface of
monocytes. PGE, had no effect on the expression of RAGE in
the presence and absence of AGE-2 and AGE-3 (data not
shown), suggesting that there might be distinct signal trans-
duction pathways of RAGE activation, leading to enhanced
expression of adhesion molecule and RAGE, which were dif-
ferentially regulated by the cAMP/PKA system.

RAGE is predominantly localized with lesional macro-
phages in human carotid atherosclerotic plaques, where mac-
rophages also represent the majority of COX-2-expressing
cells (Cuccurallo et al., 2006). It is reported that AGEs ligate
cell-surface RAGE on the vascular endothelium, mononu-
clear phagocytes, vascular smooth muscle, and neurons to
activate cell signaling pathways such as P44/P42 mitogen-
activated protein kinase and NF-«B (Yan et al., 1994; Lander
et al., 1997), redirecting cellular function in a manner linked
to the expression of inflammatory and prothrombotic genes
important in the pathogenesis of chronic disorders such as
diabetic microvascular disease and amyloidosis (Schmidt et
al., 1994; Miyata et al., 1996; Park et al., 1998). When stim-



