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Angiogenic activity of Aloe vera gel was investigated by /n vitro assay. We obtained the most
active fraction from dichloromethane extract of Aloe vera gel by partitioning between hexane
and 90% aqueous methanol. The most active fraction (F3) increased the proliferation of calf
pulmonary artery endothelial (CPAE) cells. In addition, F3 fraction induced CPAE cells to in-
vade type | collagen gel and form capillary-like tube through in vitro angiogenesis assay, and
increased the invasion of CPAE cells into matrigel through in vitro invasion assay. Furthermore,
the effect on the mRNA expression of proteolytic enzymes which are key participants in the re-
gulation of extracellular matrix degradation was investigated by northern blot analysis. F3 frac-
tion enhanced mRNA expression of urokinase-type plasminogen activator (u-PA), matrix metal-
loproteinase-2 (MMP-2), and membrane-type MMP (MT-MMP) in CPAE cells whereas the ex-
pression of plasminogen activator inhibitor-1 (PAI-1) mRNA was not changed.
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INTRODUCTION

Aloe plants, a member of the lily family, are useful
as food, and occupy a prominent place in folk medi-
cine for centuries (Bovik, 1966; Lushaugh and Hale
1953). Only a few of more than 300 known aloe spe-
cies are currently used by the pharmaceutical and cos-
metic industries. Among them, Aloe barbadensis, com-
monly called Aloe vera, has been one of the most
used healing plants in the history of mankind. It was
reported that Aloe vera gel improved wound healing
in a dose dependent fashion (Davis et al., 1987). We
have tried to elucidate the pharmacological mechan-
ism of wound healing effect of Aloe vera gel. Wound
healing is presented as three overlapping series of
events: inflammation, new tissue formation and matrix
remodeling (Dunphy, 1974). To furnish the new tissue
formed in wound healing with oxygen and metabo-
lites, angiogenesis is an essential process (Thompson
et al., 1991). Angiogenesis is the growth of new ca-
pillaries from pre-existing capillaries and post-capillary
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venules (Bischoff, 1995). When angiogenesis is impair-
ed, as in the aged or in the irradiated tissues, wound
healing is retarded or unsuccessful (Phillips et a/, 1991).
We have reported that Aloe vera gel stimulated angio-
genesis in chick embryo chorioallantoic membrane
(CAM) assay (Lee et al, 1995). Angiogenesis is asso-
ciated with dramatic changes in endothelial cell beha-
vior. In response to angiogenic stimuli, the normally
quiescent microvascular endothelial cells start to inva-
de, and differentiate to tube-like structure (Ausprunk
and Folkman, 1977). A crucial step in the sequence
of events of leading to angiogenesis is the invasion of
the perivascular matrix. To achieve extracellular ma-
trix degradation, different enzymatic cascades must
be cooperated. A number of participant proteins have
been characterized. Plasminogen activators (PAs) and
their inhibitors, plasminogen activator inhibitors (PAls),
are thought to be key participants in the balance of
proteolytic and antiproteolytic activities that regulate
the matrix turnover (Dano et al, 1985). In addition,
matrix metalloproteinases (MMPs) are a member of the
unique family of proteolytic enzymes which contain a
zinc ion at their active sites, and- MMPs can degrade
native collagens and other extracellular matrix com-
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ponents (Sato et al., 1992).

In this study, we confirmed the angiogenic activity
of Aloe vera gel by in vitro angiogenesis assay, and its
angiogenic mechanism was investigated by a series of
in vitro assays. The effects of Aloe vera gel on prol-
iferation, differentiation, and invasion of CPAE cells
were demonstrated. In addition, mRNA expression of
proteolytic enzymes related to extracellular matrix de-
gradation was observed by northern blot analysis.

MATERIALS AND METHODS

Materials

Phorbol 12-myristate 13-acetate (PMA), (4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium-bromide (MTT),
and gelatin were purchased from Sigma Chemical Co..
Fetal calf serum (FCS), Dulbecco's modified Eagle's
medium (DMEM) were obtained from GIBCO/BRL La-
boratories. Transwell plates were purchased from Corn-
ing Costar Co.. Calf pulmonary artery endothelial (CPAE)
cells and human u-PA cDNA were purchased from Am-
erican Type Culture Collection. Human PAI-1 ¢cDNA
was obtained from Dr. J.J. Loskutoff, Research In-
stitute of Scripps Clinic, USA. Human MMP-2 cDNA
and MT-MMP cDNA were kindly provided from Dr.
Motoharu Seiki, Department of Molecular Virology
and Oncology, Cancer Research Inst., Kanazawa Univ-
ersity, Japan.

Extraction and fractionation of Aloe vera gel

Lyophilized Aloe vera gel was refluxed with meth-
anol three times for 3 h. The methanol layer was filt-
ered and concentrated by rotary vacuum evaporator.
Fractionation of Aloe vera gel was conducted as shown
in Scheme 1. The methanol extract (F1) was fraction-
ated with dichloromethane, filtered and concentrated.
The dichloromethane extract (F2) was partitioned be-

Lyophilized Aloe vera gel

extracted with hot methanol
three times filtered
evaporated in vacuum

methanol extract (F1)

suspended in water
extracted with dichloromethane
evaporated /i vacuum

dichloromethane extract (F2)

partition between hexane and
90% aqueous methanol

90% methanol layer hexane layer

] evaporated in vacuum

90% methanol extract (F3)
Scheme 1. Fractionation procedure of Aloe vera gel
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tween hexane and 90% aqueous methanol, and F3
fraction was obtained by evaporation of 90% meth-
anol layer.

Cell culture

Calf pulmonary artery endothelial (CPAE) cells were
maintained with DMEM supplemented with 15% (v/
v) fetal calf serum, 100 U/ml penicillin, and 100 ug /
ml streptomycin. CPAE cells were used between pas-
sage 19 and 26. The media were changed twice a
week.

Cell proliferation assay

CPAE cells were seeded at 5x 10* cells/well in 12-
multiwell plates. After 1 day, media were changed, and
the desired concentration of F3 fraction was added to
each well. The cells were incubated in humidified in-
cubator at 37°C for 3 days, then media were dis-
carded, and 1T ml of new media and 100 °Cl of MTT
solution were added to each well. After incubation at
37°C for 3 h, media and MTT solution were discard-
ed, and 1 ml of acid-isopropanol solution (0.04 N
HCI in isopropanol) was added to each well. Optical
density was measured at 570 nm by spectrophoto-
meter (Tada et al., 1986).

In vitro angiogenesis assay

CPAE cells were seeded and grown on the surface
of type | collagen gel in 24-multiwell plates. Media
were changed every 2 days. After CPAE cells were
grown to confluence, PMA (20 ng/ml) and F3 fraction
(100 ng/ml) were treated for 5 days. For collagen gel
formation, 8 volume of type | collagen stock solution
(1 g of type | collagen in 300 ml of 0.1% acetic acid
solution) was quickly mixed with 1 volume of 10x mi-
nimal essential medium and 1 volume of sodium bi-
carbonate (11.76 mg/ml) on ice, dispensed into 24-
multiwell plates, and allowed to gel at 37°C for 20
min (Pepper et al., 1993). The morphological changes
of CPAE cells by treatment of PMA and F3 fraction
were observed and photographed in phase contrast
microscope.

In vitro invasion assay

In vitro invasion assay was carried out by the
method of Saiki et al (Saiki et a/, 1993). Invasion was
measured by the use of 24-transwell units with 8 pm
porosity of polycarbonate filters (Corning Costar Co.).
The lower side of filter was coated with 10 pl of 0.5
mg/ml type | collagen, and the upper side of filter
was coated with 10 pl of 0.5 mg/ml matrigel (recon-
stituted basement membrane). CPAE cells pretreated
with F3 fraction for 48h were resuspended in 100 ul
of DMEM and were placed upper part of trans 2ll
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unit, and the lower compartment contained 600 ul of
DMEM containing 0.1 mg/ml bovine serum albumin
(BSA). The same concentration of F3 fraction as being
pretreated was added in the upper and lower part of
transwell unit, and CPAE cells were incubated for 19
h in an humidified incubator at 37°C. Then, CPAE
cells were fixed with methanol, and stained with he-
matoxyline and eosine (Sigma Chemical Co.). CPAE
cells on the upper surface of the filter were removed
by wiping with cotton swab, and invasion was det-
ermined by counting of the cells that had migrated to
the lower side of the filter with optical microscopy at
x400 magnification. Thirteen fields were counted and
the mean value was obtained.

RNA preparation and northern blot analysis

Total RNA was prepared according to the proce-
dure of the acid-guanidium thiocyanate-phenol-chioro-
form (AGPC) extraction method (Chomczynski and
Sacchi, 1987). The total RNA was quantitated by ab-
sorbance at 260 nm. RNA samples were resolved on
1% agarose formaldehyde gel under denaturing con-
dition, and transferred to nylon membrane (Zeta-Pro-
be, Bio-Rad, CA). Then, the nylon membrane was UV
cross-linked for 30 seconds for the fixation of RNA.
The RNA transferred nylon membrane was hybridized
with **P-labeled probes according to the modified me-
thod (Davis et al, 1986; Sambrook et a/., 1989). Blot
was then washed in 2x SSC and 0.1% SDS at room
temperature and autoradiographed at -80°C. Then, the
X-ray films were developed.

RESULTS

Stimulation of the proliferation of CPAE cells

The effect of F3 fraction on the blood endothelial
cell proliferation was investigated by MTT assay. The
proliferation of the endothelial cells is needed to per-
form angiogenesis. CPAE cells were treated with vari-
ous concentrations (10, 100, 200 ug/ml) of F3 frac-
tion for 3 days. The optical density values from F3
fraction-treated cells were compared to that from con-
trol cells. As shown in Fig. 1, the proliferation of CPAE
cells was stimulated in a dose-dependent manner by
treatment of F3 fraction.

Induction of vascular tube formation of CPAE cells
grown on type | collagen

Confluent CPAE cells grown on the surface of three-
dimensional type | collagen gel in 24-multiwell plates
were treated with F3 fraction (100 ug/ml). PMA was
used as a positive control. The morphology of control
CPAE cells was cobblestone-like monolayer of poly-
gonal cells (Fig. 2a). There was no change in morph-
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Fig. 1. Effect of F3 fraction on the proliferation of CPAE
cells. CPAE cells were treated with various concentrations
of F3 fraction for 3 days. Proliferation was determined by
MTT assay. The OD values from F3 fraction-treated cells at
570 nm was compared to that from control cells.

ology of control cells for 5 days of incubation. After
the treatment of PMA for 24h, numerous CPAE cells
started to infiltrate into collagen matrix. And CPAE
cells differentiated to tube-like structure after 3 days
of PMA treatment (Fig. 2b). When CPAE cells were
treated with F3 fraction, the infiltration of CPAE cells

Fig. 2. Effect of F3 fraction on the morphology of CPAE
cells grown on collagen gel. CPAE cells were grown to con-
fluence on the surface of type | collagen gel in 24-multiwell
plates and then treated with sample (a, control; b, 20 ng/ml
of PMA for 3 days; ¢, 100 pg/mi of F3 fraction for 5 days).
Control CPAE cells formed a cobblestone-like monolayer (a).
The infiltration into collagen matrix and differentiation to
tube-like structure were observed in (b) and (c).
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into collagen gel was started after 2 days of treatment
and the formation of tube-like structure was observed
after 5 days of treatment (Fig. 2c).
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Fig. 3. Effect of F3 fraction on the invasiveness of CPAE
cells into matrigel. (A) Confluent CPAE cells were treated
with F3 fraction for 48 h, and 5x 10" CPAE cells were ino-
culated in the upper part of transwell chamber (a, control; b,
100 pug/ml of F3 fraction). Magnification: x400. (B) Dose-de-
pendent stimulation of F3 fraction. CPAE cells were treated
with desired doses of F3 fraction for 48 h. Invasion was det-
ermined by counting of the cells that has migrated to the
lower side of the filter with optical microscopy.
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Stimulation of the invasion of CPAE cells into ma-
trigel

The effect of F3 fraction on the invasiveness of CPAE
cells was investigated. Matrigel was used as a barrier
in transwell chamber. Confluent CPAE cells were treat-
ed with F3 fraction for 48 h prior to inoculation to
transwell chamber. The invasive effect was determin-
ed by counting of the cells that had migrated to the
lower side of the filter. As shown in Fig. 3A, the in-
vasion into matrigel of CPAE cells treated with 100
pug/ml of F3 fraction was greatly stimulated when
compared to control cells. In addition, F3 fraction sti-
mulated the invasion of CPAE cells in a dose-depen-
dent manner (Fig. 3B).

Effect on the mRNA expression of u-PA, PAI-1, MMP-
2, and MT-MMP

Total RNA was separated from CPAE cells treated
with F3 fraction, and the mRNA expression of proteo-
lytic enzymes was examined by northern blot analy-
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Fig. 4. Effect on the mRNA expression of u-PA, PAI-1, MMP-
2, and MT-MMP in CPAE cells. Confiuent CPAE cells were
incubated with 100 pg/ml of F3 fraction for indicated time.
Total RNA (20 ug) was fractionated on a 1% agarose gel
and transferred to a nylon membrane. Northern blot hy-
bridization was performed with *P- labeled u-PA, PAI-1, MMP-
2, and MT-MMP cDNAs.
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Fig. 5. Dose response of the mRNA expression of MMP-2
and u-PA in CPAE cells. Confluent CPAE cells were incubat-
ed with indicated doses of F3 fraction for 48 h. Total RNA
(20 pg) was fractionated on a 1% agarose gel and transf-
erred to a nylon membrane. Northern blot hybridization
was performed with *’P-labeled MMP-2 and u-PA ¢DNA:s.

sis. u-PA and PAI-1 are thought to be key participants
in the balance of proteolytic and antiproteolytic acti-
vities that regulate matrix turnover. As shown in Fig.
4, the expression of u-PA mRNA increased in a time-
dependent manner for 48h whereas its inhibitor, PAI-
1, showed no changes in mRNA level. Matrix metal-
loproteinases (MMPs) can degrade native collagens
and other extracellular matrix components (Templeton
and Stetler-Stevenson, 1991). The expression of MMP-
2 mRNA in 100 pg/ml of F3 fraction-treated CPAE
cells increased within 24 h, and that of MT-MMP
MRNA increased slightly after 48 h (Fig. 4). In addi-
tion, the enhanced expression of MMP-2 and u-PA
mRNA was dose dependent in CPAE cells treated with
various concentrations of F3 fraction (50, 100, 200 pg/
ml} as illustrated in Fig. 5.

DISCUSSION

Aloe vera has been one of the most used healing
plants in the history of mankind. It was reported that
Aloe vera gel promoted the healing of burns, other cut-
aneous injuries and ulcers (Klein and Penneys, 1988).
We have tried to elucidate critical pharmacological
mechanism for the healing effect of Aloe vera gel,
and thus reported the angiogenic activity of Aloe vera
gel by /n vivo assay (Lee et al,1995). Angiogenesis
consists of at least three processes: 1) degradation of
the extraceliular matrix of the existing vessel, 2) mi-
gration of endothelial cells from the existing vessel to-
ward the angiogenic stimulus, and 3) proliferation of
endothelial cells to form a new vessel (Folkman and
Shing, 1992). In this study, we confirmed the angio-
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genic activity of Aloe vera gel by in vitro angiogenesis
assay. The most active fraction of Aloe vera gel (F3) in-
duced CPAE cells to invade type | collagen and dif-
ferentiate to tube-like structure (Fig. 2¢). Type | col-
lagen is a major constituent of the pericapillary con-
nective tissue. Therefore, this phenomenon mimics the
events occurring during angiogenesis /n vivo. CPAE
cells treated with F3 fraction did not form tube-like
structure until 5 days of treatment whereas PMA-treat-
ed CPAE cells formed tube-like structure after 3 days
of treatment. The result suggests that the effect of F3
fraction occurs slower than that of PMA on CPAE cells
grown on collagen gel. Then, /n vitro invasion assay
was performed to assess the invasiveness of the en-
dothelial cells. It is known that a crucial event during
angiogenesis is the invasion of the perivascular ex-
tracellular matrix by sprouting endothelial cells, and
the basement membrane creates a critical barrier to
the passage of cells. As shown in Fig. 3, F3 fraction
stimulated the invasion of CPAE cells into matrigel, re-
constituted basement membrane. It has been proposed
that cellular invasiveness in various biological pro-
cesses including angiogenesis requires the elaboration
of proteinases capable of degrading the extracellular
matrix. A number of proteolytic enzymes have been
characterized. Among them, plasminogen activators
(PAs) and matrix metalloproteinases (MMPs) are major
enzymes for the degradation of the extracellular ma-
trix which is an essential first step in angiogenic pro-
cess (Dano et al, 1985). It has been reported that u-
PA related to endothelial cell migration is synthesized
by cultured endothelial cells derived from large ves-
sels and capillaries (Pepper et al,, 1993), and PAI-1 ra-
pidly binds with u-PA and thus can modulate u-PA ac-
tivity (Mawatari et al, 1991). Therefore, a tightly con-
trolled balance between production of u-PA and its in-
hibitor, PAI-1, is required in angiogenesis (David et al.,
1987). We showed that F3 fraction increased the ex-
pression of u-PA mRNA in CPAE cells. However, PAI-1
mRNA expression was not changed. The enhanced ex-
pression of u-PA mRNA, but not PAlI-1 mRNA, may
result in net proteolytic activity for extracellular matrix
and the stimulation of endothelial cell migration. In ad-
dition, F3 fraction enhanced mRNA expression of
MMP-2 and MT-MMP in CPAE cells. It is known that
the expression of MT-MMP on cell surface fits the re-
quirements of an activator for pro-MMP-2 (Sato et al,
1994). In the future, it will be necessary to investigate
the effect of F3 fraction on the expression of other
MMPs,

Taken together, it could be suggested that the an-
giogenic activity of the most active fraction of Aloe
vera gel (F3) may be due to the stimulated prolife-
ration and differentiation of endothelial cells, and the
enhanced expression of proteolytic enzymes, especial-
ly u-PA and MMP-2, playing a major role in extra-
cellular matrix degradation. In the future, further pu-
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rification of F3 fraction for the development of a po-
tent wound healing drug and the elucidation of the an-
giogenic mechanism of Aloe vera gel will be required.
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