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Abstract Aralia elata is an edible mountain vegetable. Angiogenesis, the formation of new
blood vessels, is a process involving migration, proliferation and cell differentiation, as well as
the formation of new capillary structures. Matrix metalloproteinases (MMPs) plays an important
role in angiogenesis. The development of a functional vascular system requires a variety of
growth factors, their receptors, and intracellular signals. This study examines the effects of wa-
ter extracts from: (i) A. efata root bark (Aralia extracts); {ii) a combination of Aralia extracts and
fibroblast growth factors (FGF-2) on cultured porcine coronary artery endothelial cells (PCAECs).
Aralia extracts induced the migration of PCAECs, which was inhibited by MMPs inhibitors. Com-
bining Aralia extracts and FGF-2 enhanced the migration and the secretion of MMP-2 and MMP-
9 from PCAECs. We postulated that the Aralia extracts, which induced migrating activity in
PCAECs, may be accomplished by increased secretion levels of MMP-2 and MMP-9.
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INTRODUCTION

Since natural food provides nutritional sources of bio-
active compounds, many screening attempts have been
conducted to identify lead compounds that are clinically
important. A. elata is an edible mountain vegetable in
Korea, which contains saponin, alkaloid, palmitic acid,
linoleic acid, methyl eicosanoate and hexacosol. It mani-
fests an effect on cardiac infarction, gastric ulcer, colitis,
and enervation [1-5].

FGF-2 is a member of a large family of proteins that
binds heparin and heparan sulfate and modulates the
function of a wide range of cell types [6]. FGF-2 modu-
lates numerous cellular functions in various cell types,
including cell proliferation, differentiation, survival, adhe-
sion, migration, and in processes such as wound healing,
angiogenesis and vasculogenesis [7]. FGF-2 also regu-
lates the expression of several very large biomolecules
that are believe to mediate critical steps during angio-
genesis. These include interstitial collagenase, urokinase
type plasminogen activators (uPA), plasminogen activator
inhibitors, uPA receptors, and B1 integrins [8,9]. These
very large biomolecules may contribute to the invasive
phenotype displayed by endothelial cells during angio-
genesis [10]. Angiogenesis induced by FGF-2 also in-
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volves avp3 integrin and extracellular matrix (ECM) [11].

Angiogenesis is a complex physiological process con-
sisting of several distinct steps leading to the development
of new blood cells. It begins when the surrounding base-
ment membrane capillaries start to degrade [12,13].
Then, the endothelial cells migrate towards angiogenic
stimuli and proliferate. New data suggests that MMPs
play an important role in angiogenesis [14]. To encour-
age migrating and sprouting, endothelial cells must se-
crete protease to dissolve the adjacent ECM. One such
family of enzymes is the MMPs.

There are currently 24 known variants of MMPs. They
are classified into the following six groups based on their
putative substrate specificities and sequence homologies
[15]: interstitial collagenase, gelatinases (type IV colla-
genase), stromelysins, metalloelastases, secreted RXXR-
containing MMPs (stromelysin-3-like), and the mem-
brane-type MMPs (MT-MMPs). Since MMPs are inhib-
ited by endogenous inhibitors, the tissue inhibitors of
metalloproteinases (TIMPs) form 1:1 complexes with
MMPs [16,17]. It is believed that the balance between
the levels of MMPs and TIMPs is critical in regulating the
breakdown of connective tissues by migrating cells. Dur-
ing the angiogenesis process, a variety of growth factors
and cytokines exert their functions through autocrine,
paracrine or endocrine action [13].

Recently, several studies have examined therapeutic
angiogenesis that uses growth factors as approaches to
treat ischemic myocardium [18,19]. However, a single
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growth factor during angiogenesis may be insufficient for
therapeutic purposes, because the development of a func-
tional vascular system requires a cascade of growth fac-
tors, their receptors, and intracellular signals [20]. This
study examines the effects of water extracts from A. elata
root bark (Aralia extracts) and a combination of Aralia
extracts and FGF-2 on cell migration and secretion of
MMPs from PCAECs. Aralia extracts, or a combined
treatment of Aralia extracts and FGF-2, were shown to
induce the migration of PCAECs, which was inhibited by
MMPs inhibitors. Aralia extracts induced the secretion of
MMP-2 and MMP-9. Also, a combined treatment of Ar-
alia extracts and FGF-2 had an enhanced effect on the
secretion of MMP-2 and MMP-9. It is suggested, there-
fore, that Aralia extract-induced migrating activity in
PCAECs may be accomplished by increased secretion
levels of MMP-2 and MMP-9.

MATERIALS AND METHODS
Materials

Recombinant human MMP-2, MMP-9, TIMP-1, and
TIMP-2 enzyme immunoassay kits were purchased from
Fuji Chemical Industries (Toyama, Japan). Media and
sera were obtained from Life Technology, Inc. (Gaithers-
burg, MD, USA). An MMP standard was purchased from
Calbiochem (La Jolla, CA, USA). Recombinant human

FGF-2 was purchased from Sigma (St. Louis, MO, USA).

Other biochemical reagents, including gelatin, fibrinogen,
Giemsa staining solutions, antibiotics, antimycotics and
trypsin-EDTA were purchased from Sigma, unless oth-
erwise specified.

Cell Culture

PCAECs were prepared from porcine coronary arteries
by collagenase digestion, as previously described [21-23].
The endothelial origin of the cultures was confirmed by
immunofluorescent staining with an anti-von Willebrand
Factor antibody (Acceptable cultures had >95% fluores-
cent cells). These endothelial cells were maintained at
37°C in 5% CO,in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with a 20% (v/v) heat inacti-
vated fetal bovine serum. The primary cultured cells used
were taken between passages 2 and 4.

Preparation of A. e/ata Root Bark Extract

Authentic samples of the A. elata root bark were ob-
tained from Sun-chang Gun, JeonBuk, Korea. Water ex-
tracts of the A. elata root bark were obtained as described
by Lee et al. [24,25]. The extracts were prepared from
fresh root bark of A. elata. A sample (200 g) was ground
into a fine powder, and stirred in distilled water (3 L) for
48 h. The resulting filtrate was saturated with vapor pres-
sure (121°C, 15 pound/inch?). The precipitates contain-
ing coagulated proteins were removed by centrifugation.
The supernatant was mixed with chloroform (1 L) using
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a separatory funnel. The chloroform fraction that con-
tained proteins, resin and fiber was removed and the wa-
ter fraction further mixed with n-hexane (1 L). Then, the
n-hexane-soluble fraction was removed. Talc (Sigma, St.
Louis, MO, USA) was added to the water-soluble frac-
tion and the mixture was subjected to filtration using a
membrane filter apparatus. The resulting filtrate was
freeze-dried (7 g) and resuspended with water.

Migration Assays

A migration assay was performed using microcarrier
beads as previously described [26]. PCAECs grown in
confluence to microcarrier beads (diameter 175 um;
Sigma) and placed in a gelatinized 24-well plate (30 to
40 beads/well) in DMEM containing 2% serum with
various reagents and incubated for 20 h. The wells were
washed with PBS, fixed with ethanol, dried and stained
with a Giemsa staining solution for 5 min. The cells that
had migrated from the beads and attached to the wells
were counted at magnification of 100x using an inverted
phase-contrast microscope.

Enzyme Immunoassay of MMPs and TIMPs

PCAECs were seeded to 24-well plates at a density of 5
x 10* cells/cm? and grown for 24 h in DMEM supple-
mented with 20% serum. Then, confluent PCAECs were
incubated in serum- and phenol red-free DMEM for 12 h.
After the cells were washed with a fresh medium, a con-
trol buffer or indicated reagents were applied for 12 h.
The actual quantities of the MMPs were assayed by en-
zyme immunoassay, according to the manufacturer’s pro-
tocol (Fuji Chemical Industries, Toyama, Japan).

Zymography

PCAECs were seeded in 24-well plates at a density of 5
x 10* cells/cm? and grown for 24 h in DMEM supple-
mented with 20% serum. Then, confluent PCAECs were
incubated in serum- and phenol red-free DMEM for 12 h.
After the cells were washed with a fresh medium, a con-
trol buffer or the indicated reagents were applied for 12 h.
The hydrolytic activities of MMPs were evaluated by gela-
tin zymography [27]. Samples were mixed using a 5x
sample buffer (4 M Tris-HCl, pH 6.8, 5% SDS, 20%
glycerol and 0.1% bromophenol blue) and were applied
to a 10% SDS-PAGE containing 0.1% gelatin. Reference
standards were MMP-2 and MMP-9 (Chemicon, Temec-
ula, CA, USA). After running, the gels were incubated in
2.5% Triton X-100 for 1 h and incubated in enzyme
buffer (0.05 M Tris-HCI, pH 7.5, 0.02 M NaCl, 5 mM
CaCl, and 0.02% Brij-35) for 24 h at 37°C. The gels
were stained with a 0.5% Coomassie brilliant blue 250
solution and destained with several changes of 30%
methanol and 10% acetic acid.

Data Analysis

Data is expressed as means + standard deviation (SD).
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Fig. 1. Effects of single and combined treatment with Aralia ex-
tracts and FGF-2 on migratory in cultured PCAECs. To measure
migratory activity, the cells grown to confluence on microcarrier
beads, and the beads were placed into gelatinized 24-well plates
in medium containing 2% serum and various amounts of Aralia
extracts, FGF-2, Aralia extracts (20 ug/mL) plus FGF-2 (10
ng/mL) (A+F), BB94 (20 ng/mL) plus Aralia extracts (A+B),
and BB94 (20 ng/mL) plus Aralia extracts plus FGF-2 (A+F+B)
and incubated for 20 h. The number of endothelial cells that mi-
grated from the beads and attached to the well per 10 beads were
counted. Bars represent means = SD from four independent ex-
periments. Statistical significance was tested using one-way
ANOVA followed by the Students ¢ test. "P<0.05 vs control buffer;
*P<0.05 vs Aralia extracts (20 pg/mL); #P<0.05 vs FGF-2 (10
ng/mL); and *P<0.05 vs A+F

The statistical significance was tested using one-way
ANOVA followed by the Student-Newman-Keuls Test.
Statistical significance was set at P<0.05.

RESULTS AND DISCUSSION
Migration Assay of PCAECs

Placing microcarrier beads onto a confluent monolayer
of PCAECs for 2 to 3 days produced beads covered by a
confluent monolayer of cells with 25 to 30 cells per bead.
When PCAECs bearing microcarrier beads were placed
onto gelatinized plastic dishes with a control buffer for 20
h, they yielded a basal level of nondirectional migration
(50 to 55 per 10 beads, Fig. 1). The number of migrating
cells increased with the addition of Aralia extracts or
FGF-2 stimulation in a dose-dependent manner. How-
ever, the addition of 160 pg/mL of Aralia extracts led to
a significant decrease in cell migration. The migration
potency of Aralia extracts was less than that of FGF-2.
The doses of Aralia extracts (20 ug/mL) and FGF-2 (10
ng/mL) showing a submaximal effect on migratory activ-
ity were used in combined treatment FGF-2 is more po-
tent than Aralia extracts. Qur distinguished finding indi-
cates that a combination of submaximal doses of Aralia
extracts and FGF-2 is more potent than the maximal dose
of Aralia extracts or FGF-2 alone. To enhance angiogene-
sis, endothelial cells have to increase their migration ac-
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Fig. 2. Effects of single and combined treatment with Aralia
extracts and FGF-2 on the secretion of MMPs and TIMPs in
PCAECs. Cells were incubated in serum- and phenol red-free
DMEM for 12 h. Then, the cells were incubated for 12 h after
addition of a control buffer (C), various amounts of Aralia ex-
tracts, and Aralia extracts (20 pg/mL) plus FGF-2 (20 ng/mL)
(A+F), and media were quantitatively assayed by enzyme im-
munoassay. Bars represent the means = SD from three inde-
pendent experiments. Statistical significance was tested using
one-way ANOVA followed by the Students ¢ test. "P<0.05 vs
control buffer; #P<0.05 vs Aralia extracts (20 pg/mL).

tivity. Our results indicate that Aralia extracts are a suit-
able mitogen for PCAECs.

Aralia Extracts Induces MMP-2, MMP-9, and TIMP-1
Secretion but Suppresses TIMP-2 Secretion from PCAECs

A crucial step in angiogenesis is when proteases de-
grade the underlying basement membranes [24]. Endo-
thelial cells release proteinases to degrade the ECM for
their migration and proliferation in vivo. One family of
such proteinases is the MMPs. The role of MMPs in an-
giogenesis has been demonstrated in vitro [15,17,29]. In
culture, endothelial cells largely secrete MMP-2, which
can disrupt the ECM and enable their migration and tube
formation [30].

The step-wise activation processes of pro-MMPs sug-
gest that MMP activities are controlled by endogenous
inhibitors such as o,-macroglobulin or tissue inhibitor of
metalloproteinases (TIMPs) before MMPs are fully acti-
vated [31,32]. An enzyme immunoassay indicated that the
culture media from PCAECs contained clearly detectable
amounts of MMP-2, MMP-9, TIMP-1, and TIMP-2 (Fig.
2). The addition of Aralia extracts (20 pg/mL) on cultured
PCAECs for 12 h produced increases of approximately
1.9-, 3.3-, and 1.6-fold in MMP-2, MMP-9 and TIMP-1
secretion, respectively, compared with the addition of a
control buffer. On the other hand, the secretion of TIMP-2
was significantly suppressed compared with the addition of
a control buffer (~52%). The interaction with TIMP-2 and
pro-MMP-2 facilitated cell surface-mediated activation,
whereas interactions with active MMP-2 resulted in inhi-
bition. A critical factor is maintaining a balance between
the levels of MMPs and TIMPs in regulating the break-
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Fig. 3. Gelatin zymography of MMP-2 and MMP-9 in culture
medium of PCAECs treated with Aralia extracts. (A) Cells were
incubated in serum- and phenol red-free DMEM for 12 h. Then,
the cells were incubated for 12 h after addition of control buffer
(C) and various amounts of Aralia extracts. Equal amounts of
proteins (10 pg/lane) from supernatants were loaded into each
lane. Lane S contains standards of MMP-9 and MMP-2. (B)
Densitometric analyses of the zymographs are presented as the
relative ratio of induction of the MMP-2 or MMP-9 by addition
of Aralia extracts. The MMP-2 or MMP-9 secretion by addition
of control buffer for 12 h is arbitrarily presented as 1. Data are
mean + SD from three experiments. Statistical significance was
tested using one-way ANOVA followed by the Student-Newman-
Keuls test. "P<0.05 vs control buffer.

down of ECM by MMPs [33]. Therefore, an increased
ratio of MMP-2 over TIMP-2 caused by Aralia extracts is
positive for the degradation of ECM in PCAECs. How-
ever, higher concentrations (80 to 160 ug/mL) of Aralia
extracts significantly suppress the secretion of MMP-2,
MMP-9 and TIMP-1. The suitable effects of stimulation
in endothelial cells with Aralia extracts were achieved with
20 pg/mL. However, 10 pg/mL also indicated an upregu-
lation of MMPs secretion. A combination of the sub-
maximal doses of Aralia extracts and FGF-2 produced an
enhanced effect on the induction of MMP-2, MMP-9,
and TIMP-1. These results suggest that Aralia extracts in
synergy with FGF-2 may induce angiogenesis.

Aralia Extracts can Act as a Angiogenic Factor

The profiles of MMPs in the media were semi-quanti-
tatively assayed by gelatin zymography. Consistent with
the enzyme-immunoassay data (Fig. 2), Aralia extracts
(20 pg/mL) produced increases of approximately 2.5-
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Fig. 4. Gelatin zymography of MMP-2 and MMP-9 in culture
medium of PCAECs treated with Aralia extracts and FGF-2. (A)
Cells were incubated in serum- and phenol red-free DMEM for
12 h. Then, the cells were incubated for 12 h after addition of
control buffer (C), Aralia extracts (20 ug/mL) (A20), FGF-2
(10 ng/mL) (F10), and Aralia extracts (20 ug/mL) plus FGF-2
(10 ng/mL) (A+F). Equal amounts of proteins (10 pg/lane)
from supernatants were loaded into each lane. Lane S contains
standards of MMP-9 and MMP-2. (B) Densitometric analyses
of the zymographs are presented as the relative ratio of induc-
tion of the MMP-2 or MMP-9 by addition of indicated reagents.
The MMP-2 or MMP-9 secretion by addition of control buffer
for 12 h is arbitrarily presented as 1. Data are mean + SD from
three experiments. Statistical significance was tested using one-
way ANOVA followed by the Student-Newman-Keuls test.
*P<0.05 vs control buffer.

and 3.1-fold, respectively, in MMP-2 and MMP-9 secre-
tion for 12 h, compared to the addition of a control
buffer (Fig. 3). This suggests that Aralia extracts (10 to
20 pg/ml) may enhance angiogenesis moderately, in
part, by stimulating MMP-2 and MMP-9 production.
However, a higher concentration (160 pg/mL) of Aralia
extracts nearly completely suppressed the secretion of
MMP-2 and MMP-9. A combined treatment of Aralia
extracts (20 ug/mL) and FGF-2 (10 ng/mL) on cultured
PCAECs for 12 h produced increases of approximately
10.3- and 6.5-fold in MMP-2 and MMP-9 secretion, re-
spectively, compared with addition of a control buffer
(Fig. 4).

Aralia Extracts-Induced MMP-2 and MMP-9 Secretion
is Suppressed by Pl 3’-Kinase Inhibition

We examined the effect of PI 3'-kinase inhibitors when
secreted of MMP-2 and MMP-9. The preincubation of
LY294002 (100 nM) suppressed the Aralia extract-
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Fig. 5. Effect of Aralia extracts on secretion of MMP-2 and
MMP-9 in the absence and presence of PI 3'-kinase inhibitors
in PCAECs. Cells were incubated in serum- and phenol red-free
DMEM for 12 h. Control buffer (C) and Aralia extracts (20
pg/mL) (A) was added to 0.5 mL of the same culture medium,
cells were incubated for 12 h, and media were quantitatively
assayed by enzyme immunoassay (A) and gelatin zymography
(B). LY294002 (100 nM, LY) was pretreated 30 minutes before
Aralia extracts addition. Data are mean + SD from three ex-
periments. Statistical significance was tested using one-way
ANOVA followed by the Student-Newman-Keuls test. 'P<0.05
vs control buffer; *P<0.05 vs Aralia extracts (20 ug/mL).

induced MMP-2 and MMP-9 secretion. The addition of
1.Y294002 (100 nM) on cultured PCAECs resulted in a
26- and 35% suppression of MMP-2 and MMP-9 secre-
tion, respectively, for 12 h when compared with the addi-
tion of a control buffer (Fig. 5A). A gelatin zymography
confirmed these results. Consistent with the enzyme-
immunoassay data, Aralia extract-induced MMP-2 and
MMP-9 secretion (20 pug/mL) was nearly suppressed (Fig.
5B). These results suggest that activation of PI 3'-kinase
may be involved in Aralia extract-induced MMP-2 and
MMP-9 secretion in PCAECs. The mechanisms by which
P1 3'-kinase is involved in Aralia extract-induced MMP-2
and MMP-9 secretion will be examined in further studies.

Aralia Extracts Enhances Migration of PCAECs through
Increased MMPs Secretion

Endothelial cell migration is an initial step in angio-
genesis and neovascularization [12]. This process re-
quires cell migration and invasion into the ECM beneath
the basement membrane. Since migration activities were
measured in gelatinized plates, Aralia extract-induced
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MMPs secretion could be a determinant for migration
(Figs. 2~4). To test whether the increased MMPs were
responsible for migration, the effect of the MMPs inhibi-
tor was examined. Consistent with this idea, the addition
of BB94 (20 ng/mL), a broad spectrum MMP inhibitor,
on cultured PCAECs blocked the majority of the migratory
effects of Aralia extracts (Fig. 1). Therefore, it is likely
that, Aralia extracts induce the migration of cultured en-
dothelial cells through the increase of MMP secretion.
The noteworthy finding from this research demon-
strates that Aralia extracts induce the migration of
PCAECs, which was inhibited by MMPs inhibitors. Aralia
extracts also induced the secretion of MMP-2 and MMP-
9. It is therefore suggested that Aralia extracts which in-
duce migrating activity in PCAECs may be accomplished
by increasing secretion levels of MMP-2 and MMP-9.
The combination of Aralia extracts and FGF-2 enhance
migration. Our results indicate that a combination of Ar-
alia extracts and FGF-2 could be better than either a sin-
gle growth factor for enhancing angiogenesis in vitro.
Also, activation of PI 3 -kinase may be involved in Aralia
extract-induced MMP-2 and MMP-9 secretion in PCAECs.

CONCLUSION

Angiogenesis is a process involving the formation of
new capillary structures. In this study, we examined the
effect of Aralia extracts and a combination of Aralia ex-
tracts with FGF-2 on cell migration and secretion of
MMPs from PCAECs. The number of migrating cells
increased with Aralia extracts or FGF-2 stimulation in a
dose-dependent manner. Also, Aralia extracts (20 pg/mL)
produced an increase of approximately 2.5- or 3.1-fold,
respectively, in MMP-2 and MMP-9 secretion for 12 h,
compared to the addition of a control buffer. Our notable
finding is that a combination of submaximal doses of Ar-
alia extracts and FGF-2 is more potent than the maximal
dose of Aralia extracts or FGF-2 alone. It is likely that
Aralia extracts induce the migration of cultured vascular
endothelial cells through increased MMP-2 and MMP-9
secretion.
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