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Anti-angiogenic properties of plaunotol

Kazushige Kawai?, Nelson H. Tsuno®®, Joji Kitayama®, Yurai Okaji®,
Kentaro Yazawa® Masahiro Asakage®, Hiroharu Yamashita®
Toshiaki Watanabe®, Koki Takahashi® and Hirokazu Nagawa®

We have investigated a potential anti-angiogenic effect of
plaunotol, an extract from the leaves of Plau-noi, in an
angiogenesis model consisting of human umbilical vein
endothelial cells (HUVECSs). Plaunotol inhibited the
proliferative activity of HUVECs in a dose-dependent
manner. In addition, it caused a remarkable decrease of the
ability of HUVECs to adhere and spread on gelatin and
vitronectin, but not fibronectin. Tube-like formation in
Matrigel was also inhibited in a dose-dependent way.
These results strongly suggest the specific inhibition of
integrin a3 to be the main event of plaunotol-induced
suppression of angiogenesis. The o, 3 antagonists are
known to be potent inhibitors of tumor angiogenesis and
plaunotol, by causing the functional inhibition of a3,
should be considered a promising new anti-angiogenic

Introduction

Most solid tumors are dependent on neovascularization to
supply nutrients to the growing tumor and therefore
inhibition of angiogenesis is now focused on as a novel
target for anti-cancer therapy [1,2]. Several approaches
such as the use of endothelial cell-specific antibodies,
immunization with endothelial cell vaccines or the
development of drugs that selectively inhibit growth of
endothelial cells have been tried [3-7]. Among them,
selective inhibitors of integrin o, B3, such as tumstatin or
angiostatin, have been shown to have strong inhibitory
properties on tumor angiogenesis [6,8]. o, 3 belongs to the
integrin family of adhesion molecules and is expressed
predominantly on endothelial cells [9,10]. o, B3 recognizes
and binds to the arginine—glycine-aspartic acid (RGD)
sequence in a variety of extracellular matrices (ECMs),
such as vitronectin and collagen IV, and therefore plays an
important role in ECM-mediated endothelial cell adhe-
sion, proliferation and survival [11-13].

Plaunotol, an isoprenoid, is a component of the extract of
a Thai medical plant called Plau-noi, and commercially
available as a cytoprotective anti-ulcer agent for gastritis
and gastric ulcer in Japan and Thailand (Fig. 1). Several
mechanisms of its protective effect on gastric mucosa
have been clarified, such as the induction of an increase
of prostaglandin E, content in gastric tissues and the
reduction of the superoxide radicals generated
by leukocytes [14—16]. Plaunotol has also been reported
to have anti-bacterial activities, especially against
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Helicobacter pylori [17,18]. However, up to now, no reports
on its effects on tumor growth or angiogenesis exist in the
medical literature.

In the current study, we aimed to investigate a possible
anti-tumor effect of plaunotol, especially focusing on
angiogenesis. Using human umbilical vein endothelial
cells (HUVECs) as a model, we could demonstrate that
plaunotol exerted a strong anti-angiogenic activity by
inhibiting integrin o, B; function.

Methods

Reagents and antibodies

Plaunotol was a kind gift from Sankyo (Tokyo, Japan). It
was dissolved in dimethylsulfoxide (DMSQO), and added
to the experimental media to give final concentrations of
10, 20 or 50uM plaunotol and 0.2% DMSO. Cells
cultured with 0.2% DMSO were always used as a negative
control. Gelatin, fibronectin and vitronectin were pur-
chased from Sigma (St Louis, MO), and purified or
FITC-conjugated anti-asp; and anti-o,,3 monoclonal
antibodies (mAbs) were from BD PharMingen (San
Diego, CA).

HUVECs isolation and culture

Umbilical cords were obtained from normal pregnant
women at delivery, after informed consent was obtained.
HUVECs were isolated from the umbilical cord blood
vessels, as previously described [19]. Briefly, the umbi-
lical vein was cannulated at both edges and 0.2%
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Fig. 1
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Chemical structure of plaunotol.

collagenase I in phosphate-buffered saline (PBS) was
added to the lumen of the vessels. The umbilical cord
was incubated for 20 min at 37°C, and then the PBS
containing collagen was recovered and centrifuged to
obtain the isolated cells. Cells were washed twice with
PBS, suspended in complete medium consisting of
MCDB-151 medium (Sigma-Aldrich Japan, Tokyo, Japan)
supplemented with 15% fetal calf serum (FCS), 1%
antibiotic/antimycotic, acidic fibroblast growth factor
(aFGF; PeproTech, Rocky Hill, NJ; 2 ng/ml) and heparin
(Sigma; 5 pg/ml), and seeded in culture dishes previously
coated with 0.1% gelatin. Cells were routinely cultured in
complete medium in an atmosphere of 5% CO, at 37°C,
passaged by trypsinization and used for up to 10 passages
for the experiments.

Proliferation assay

HUVECs were seeded at 1x 10%*well in 96-well flat-
bottomed plates in MCDB complete medium containing
differing concentrations of plaunotol (0, 10, 20 and
50uM). Each well was previously coated with 0.1%
gelatin. After a 48-h culture, the proliferative activity was
determined by the MTS assay (CellTiter 96 Non-
Radioactive Cell Proliferation Assay; Promega, Madison,
WI), which monitors the number of viable cells, according
to the manufacturer’s instructions. Briefly, MTS solution
was added at 20 pl/well and, after a 4-h culture, the
conversion of MTS to formazan was measured in a plate
reader at 490 nm. Results represent the mean value of
triplicate wells = SD.

Detection of apoptosis by flow-cytometry

HUVECs were prepared and treated with plaunotol
(50 uM) for 24 or 48h as described above. Cells were
washed twice and incubated with FITC-conjugated
Annexin-V and propidium iodide (PI; Biovision, Mountain
View, CA) for 5 min at room temperature. The population
of Annexin-V~ and PI™ viable cells was evaluated by flow
cytometry. Data were collected in a FACSCalibur (Becton
Dickinson, Mountain View, CA) and analyzed using
CellQuest software (Becton Dickinson).

Adhesion and spreading assays

To clarify the effect of plaunotol on the ability of
HUVECGs to adhere to and to spread on ECM proteins,
adhesion and spreading assays were performed as
described previously, with small modifications [20,21].

Briefly, flat-bottomed 96-well microtiter plates (Nunc,
Roskilde, Denmark) were coated with either gelatin
(0.3 mg/ml), fibronectin (10 pug/ml) or vitronectin
(50 pg/ml) overnight at 4°C and blocked with 1% BSA
for 1h at 37°C. HUVECGs pre-treated for 24h with
different concentrations of plaunotol were trypsinized
and fluoro-labeled by incubation with 1% calcein-AM
solution (Dojindo, Kumamoto, Japan) for 30 min. After
washing twice with PBS, cells were re-suspended in 0.2%
BSA (Sigma)/RPMI and incubated in the presence or
absence of anti-osp; or anti-o,B3 blocking mAbs
(10 pg/ml) for 30 min at 4°C. mAb of unrelated specificity
was used as negative control. After incubation with
blocking antibodies, cells were re-suspended in 0.2%
BSA/RPMI and seeded at 3 x 10%well in the plates
coated with ECMs. For the adhesion assay, wells were
gently washed to remove the non-adherent cells after
30 min incubation at 37°C and the fluorescence intensity
of the adherent cells was measured at 525nm in a
microscope photometer (Terrascan VP; Minervatech,
Tokyo, Japan). Adhesion rate was calculated as the ratio
to the fluorescence intensity of control unwashed wells.
Results represent the mean value of triplicate
wells = SD.

Alternatively, for the detection of cell spreading, mAb-
treated cells were suspended in complete medium and
seeded at 3 x 10*well in the plates coated with ECMs.
Wells were incubated for 1 h at 37°C to allow cells to spread
and the micrographs of cells were acquired using a laser
confocal microscope (Fluoview; Olympus, Tokyo, Japan).

Migration assay

To evaluate the effect of plaunotol on the migratory
capacity of HUVEGs, a migration assay was performed
using a Boyden chamber as described previously, with
small modifications [22]. In brief, the lower surfaces of
the polycarbonate filters with 8 um pores (Neuro Probe,
Gaithersburg, MD) were coated with gelatin, fibronectin
or vitronectin. HUVECs were pre-treated with differing
concentrations of plaunotol for 24 h as described above,
trypsinized and re-suspended in complete medium.
Filters coated with ECMs were placed on a 96-blind-well
chamber (Neuro Probe) and suspended cells were loaded
into the upper chamber (1 x 10° cells in 200 pl/well). For
the blocking experiments with mAbs, anti-os; or anti-
a,P3 blocking mAbs were added to the upper chamber to
give 1 concentration of 10 pg/ml. After incubation at 37°C
for 3h, the filters were disassembled, fixed with
methanol and stained with a Diff-Quick staining kit
(International Reagents, Kobe, Japan). The upper side of
the filters was scraped to eliminate the adherent cells.
The number of cells that migrated to the lower side of
the filter was determined by measuring absorbance at
595 nm using a 96-well plate reader. Results represent the
mean value of triplicate wells = SD.
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Tubular formation assay

To investigate the effect of plaunotol on endothelial
tubular formation, the Matrigel tube formation assay was
performed. HUVECs were suspended in complete
medium containing differing concentrations of plaunotol
and were seeded at 1.5 x 10°cells/well in a 12-well flat-
bottomed culture plate previously coated with Matrigel
basement membrane matrix (100 pl/well; Becton Dick-
inson, Bedford, MA). Cells were incubated at 37°C for
24h and tube formation was examined under phase-
contrast microscopy.

Detection of cell surface integrins by flow cytometry
HUVECs were treated without or with plaunotol for 24 h
as described above, trypsinized, washed twice with PBS
and suspended in 0.1% BSA/PBS. Cell surface integrins
were stained using purified anti-os8; mAb and goat
polyclonal anti-mouse Ig secondary antibody or FITC-
conjugated anti-o,, B3 mAb. FITC-conjugated mouse IgG
mADb of unrelated specificity was always used as a control.
Data were collected and analyzed using a FACSCalibur
and CellQuest software.

Statistical analysis

The unpaired Student’s 7-test was used to determine
statistical significance. Differences at p < 0.05 were
considered statistically significant.

Results

Suppression of HUVEC proliferation induced by
plaunotol

As shown in Fig. 2(A), a 48-h incubation in the presence
of plaunotol resulted in a significant inhibition of
HUVEC proliferation, in a dose-dependent manner.
The number of viable cells was reduced to 34.2% of
control, with the highest dose tested (50puM). To
evaluate whether this suppression was apoptosis depen-
dent, Annexin-V/PI staining was performed. Although
incubation with plaunotol for 24h also caused small
inhibition of proliferation (data not shown), even
treatment with the highest concentration (50 uM) of
plaunotol caused no alteration in the percentage of
Annexin-V~/PI~ viable cells population (85.8% in control
versus 84.1% in plaunotol treatment, Fig. 2B). Treatment
for periods as long as 48 h resulted in a small decrease in
the percentage of viable HUVEGs (79.8% in control
versus 73.4% in plaunotol treatment), but the effect is
not enough to explain the decreased number of cells
measured in the MTS assay. It suggests that induction of
apoptosis is not the main mechanism. The Trypan blue
exclusion test was also performed to evaluate cell
viability, yielding similar results (data not shown).

Adhesion, spreading and migration assay

Because the decreased proliferation of HUVECs was not
dependent on the direct cytotoxicity of plaunotol, next
we evaluated the effect of plaunotol on the adhesion,
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Effect of plaunotol on proliferation and survival of HUVECs. (A)
HUVECs cultured with different concentrations of plaunotol for 48 h.
The proliferation rate was determined using MTS assay. The data are
expressed as mean = SD of results from three independent experiments
and an asterisk indicates statistical significance. (B) Alternatively,
HUVECSs were cultured without or with plaunotol (50 uM) for 24 or
48h, and double-stained by Annexin-V (x-axis) and Pl (y-axis). The
percentage of Annexin-V™/PI” viable cells is shown.

spreading and migration of HUVECs on ECM proteins,
i.e. gelatin, fibronectin and vitronectin. As shown in
Fig. 3(A), a 24-h incubation in the presence of plaunotol
significantly and dose-dependently decreased the ability of
HUVECs to adhere gelatin- and vitronectin-coated micro-
plates, whereas the adhesion to fibronectin was not
affected (Fig. 3A). Blocking of integrin o,f; with the
specific mAD resulted in inhibition of adhesion to gelatin
and vitronectin, but not fibronectin, resembling the effect
of plaunotol. On the other hand, blocking of integrin asf,
resulted in the suppression of adhesion to fibronectin, but
not to gelatin or vitronectin. Then, the effect of plaunotol
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Adhesion, spreading and migration assays on ECMs. (A) Adhesion of HUVECs to gelatin (filled bars), vitronectin (open bars) or fibronectin (shaded
bars). (B) Spreading of HUVECs seeded on each ECM. Spread cells, indicated by open arrowheads, appear as wide cells with a dim margin. Non-
spread cells, indicated by open arrows, are round and bright cells. (C) Migration through gelatin (filled bars)-, vitronectin (open bars)- or fibronectin
(shaded bars)-coated membranes. The data are expressed as mean* SD of results from three independent experiments and an asterisk indicates
statistical significance.
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on the ability of HUVEGs to spread on ECMs was
investigated. Control untreated HUVECs spread on
gelatin and vitronectin, but plaunotol treatment resulted
in a significant loss of this ability, resulting in cell—cell
aggregation (Fig. 3B). The ability to spread on fibronectin,
however, was not affected by plaunotol. Similar to the
results of the adhesion assay, blocking of o,f; with the
specific mAb, resembling the effect of plaunotol, resulted
in inhibition of spreading on gelatin and vitronectin, but
not fibronectin. asB; blocking had a distinct effect,
suppressing the spreading on fibronectin, but not on
gelatin and vitronectin. Although plaunotol treatment
significantly affected the ability of HUVECs to adhere to
and spread on gelatin and vitronectin, the ability of
HUVECs to migrate, as evaluated in the Boyden chamber,
did not change significantly (Fig. 3C). Treatment with
oB3 and asP; integrin-specific blocking mAbs also showed
no alteration on the migratory property of HUVECs.

Tubular formation assay

The ability of HUVECs to form tube-like structures on
Matrigel was significantly and dose-dependently inhib-
ited by plaunotol (Fig. 4). Treatment for 24 h with 50 uM
of plaunotol resulted in the complete disruption of tube-
like structure formation by HUVECs.

Integrin expression
Both a5B; and o, B3 integrins are known to play a pivotal
role in the adhesion and survival of ECs [23,24]. Using

Fig. 4
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flow cytometry, we evaluated the changes in the
expression of these integrins on ECs treated with
plaunotol. Plaunotol treatment resulted in a significant
inhibition of the ability of HUVECs to adhere to and to
spread on gelatin and vitronectin, but not fibronectin,
suggestive of o,f3-specific inhibition. However, the
expression levels of these integrins were not affected
even with the highest dose of plaunotol tested (50 pM,
Fig. 5), suggesting that the effect of plaunotol is
dependent on a functional down-regulation of o,B; on
HUVECs.

Discussion

Angiogenesis is characterized by invasion, migration and
proliferation of endothelial cells, and integrin o, B3-
mediated cell interactions with ECMs have been shown
to be key players in these processes [11-13]. In recent
years, several selective o, B3 inhibitors, such as tumstatin
and angiostatin, have been developed as specific angio-
genesis inhibitors, but most of these drugs are peptide
antagonists which contain the RGD motif and exert the
inhibitory effect by binding to the cell surface integrin
molecules [6,8,25]. Because of the unstable nature of
these peptide drugs when administered # oiwo, non-
peptide selective o, B; inhibitors need to be developed.

Plaunotol is a non-peptide isoprenoid derived from the
tree oil extracted from the leaf of Plau-noi and is widely
used as an anti-ulcer drug in Japan. Although several

Tubular formation assay. HUVECs were seeded on the Matrigel in the presence of different concentrations of plaunotol. After a 24-h incubation, the
tubular formation of cells was examined under phase-contrast microscopy. Representative data from three independent experiments are presented.
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Fig. 5
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Flow-cytometric analysis of integrin expression. HUVECs were
incubated in the absence (solid line) or presence (50 uM, dotted line) of
plaunotol for 24 h, and the expression of integrin asB; (upper) and o, B3
(lower) was evaluated by flow cytometry. The filled line represents the
negative control. Representative data from three independent
examinations are presented.

mechanisms of its anti-ulcer properties have been
clarified, no reports of its effects on cancer are found in
the medical literature [14-16,26]. Here, we aimed to
investigate the effect of plaunotol on tumor angiogenesis
and, for this purpose, we used FGF-activated HUVECs as
a model. HUVECGs, especially those activated by FGE
have characteristics that resemble tumor vascular en-
dothelium and are frequently used as an # vitro model of
angiogenesis [27-29].

Initially, the effect of plaunotol on EC proliferation and
survival was investigated. Plaunotol inhibited the prolif-
eration of ECs in a dose-dependent manner, but no
evidence of apoptosis was observed even after a 24-h
treatment at the highest dose (50puM). After a 48-h
treatment, only a small decrease of Annexin-V~/PI~ viable
cells was observed, leading us to conclude that the
cytotoxic effect of plaunotol on ECs is not the main event.

Next we evaluated the effect of plaunotol on the
integrin-related functions of ECs, i.e. adhesion, spreading

and migration on ECM proteins. Several previous reports
have shown that adhesion and spreading of ECs on
vitronectin and gelatin depend on integrin o, 3, whereas
those on fibronectin is predominantly mediated by
integrin asB; [21,24,30]. Incubation of ECs with plauno-
tol for 24h significantly suppressed the adhesion to
gelatin and vitronectin, but not the ability to adhere to
fibronectin. Blocking a,B; with the specific mAb also
resulted in the same pattern of inhibition, whereas
blocking of asB; did not affect the adhesion to gelatin
and vitronectin. This result suggested that the inhibition
of EC proliferation induced by plaunotol would be
dependent on the selective inhibition of o, B3, with
consequent decreased ability to bind its ligands. In
addition, plaunotol also affected the ability of ECs to
spread on o,P3 ligands, corroborating this hypothesis.
However, the migratory ability of ECs was not affected by
plaunotol, regardless of the ECM protein tested.

To confirm the anti-angiogenic property of plaunotol, the
ability of ECs to form tube-like structures in Matrigel was
investigated. ECs form a tube-like network when seeded
on Matrigel and this process is known to be inhibited by
selective inhibition of integrin o,B3; [31]. As expected,
and compatible with the results of adhesion and
spreading assays, plaunotol disrupted the tubular forma-
tion of ECs in a dose-dependent manner. Although all the
data shown here are suggestive of plaunotol-induced o3
inhibition, no evident alteration of the flow-cytometric
expression of o,B; or asPB; could be found. Thus, the
plaunotol-induced o3 inhibition seems be more func-
tional than structural.

Plaunotol is an isoprenoid and its structure resembles
that of geranylgeraniol. Geranylgeraniol is an intermedi-
ate product in the mevalonate pathway and functions as
an essential compound for cell proliferation [32-34].
Recent studies have shown that geranylgeraniol has
apoptosis-inducing activity in a variety of cancer cell
lines, and activation of caspase-8 and suppression of bcl-
xp, are essential for geranylgeraniol-mediated apoptosis
[35-38]. In the present study, plaunotol exerted only a
small apoptosis-inducing effect in proliferating endothe-
lial cells, despite its structure resembling that of
geranylgeranyol. Although plaunotol showed a strong
inhibitory effect on angiogenesis, it was mediated by
the selective suppression of o, B3 function and not by the
direct induction of apoptosis. Both plaunotol and
geranylgeraniol have anti-cancer potential, but the
mechanism of tumor growth suppression seems to be
different.

Since plaunotol is already commercially available in Japan
and Thailand, and a previous report has shown that
120 mg of plaunotol, when orally administered to a normal
healthy human adult, could achieve an approximate dose
of 16.3uM in plasma [39], the development of clinical
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trials to confirm our present data is feasible. Furthermore,
the oral administration of doses as high as 240 mg has
proved to cause no significant side-effects, as confirmed
by physical findings and laboratory data (phase I study,
unpublished data), and therefore concentrations higher
than 16.3 uM may be clinically achievable. In the present
study, a significant suppression of EC proliferation could
be achieved even with the lowest dose (10 uM) tested
and, therefore, plaunotol should be a promising novel
angiogenesis inhibitor. Further investigation is needed to
elucidate the potential /# vivo anti-angiogenic effect of
plaunotol.
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