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Abstract

The study was designed to investigate the stability of ginsenoside Rg; (Rg;) and Re (Re), two natural herbal compounds isolated from Panax
ginseng, based on their activity to promote angiogenesis in vitro and in vivo. After being treated at different temperatures, pHs, and solvent species
for distinct durations, the remaining activities of Rg; and Re on human umbilical vein endothelial cell (HUVEC) proliferation, migration, and
tube formation were examined in vitro. Additionally, the remaining activity of each treated test agent, mixed in a growth factor-reduced Matrigel,
in stimulating angiogenesis was evaluated subcutaneously in a mouse model. Basic fibroblast growth factor (bFGF) was used as a control. It was
found in vitro that HUVEC proliferation, migration in a Transwell plate, and tube formation on Matrigel were all significantly enhanced in the
presence of bFGF, Rg;, or Re. However, after being treated at different temperatures, pHs, or solvent species, the remaining activity of bFGF on
HUVEC behaviors reduced significantly. This observation was more significant with increasing the duration of treatment. In contrast, the activities
of Rg; and Re remained unchanged throughout the entire course of the study. The in vivo results observed on day 7 after implantation showed that
the blank control (Matrigel alone) was slightly vascularized. In contrast, the density of neo-vessels in the Matrigel plug mixed with bFGF, Rg,,
or Re was significantly enhanced. However, after being treated, the density of neo-vessels was significantly reduced in the Matrigel plug mixed
with bFGF, while those of Rg; and Re remained unchanged. The aforementioned results suggested that Rg; and Re could be a novel group of

nonpeptide angiogenic agents with a superior stability and may be used for the management of tissue regeneration.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Vascularization in extracellular matrices (ECMs) to support
the metabolic needs of the engineered tissues is generally a
prerequisite for achieving appropriate tissue regeneration and
function (Kelm et al., 2004; Pieper et al., 2002). Investiga-
tions have incorporated angiogenic factors such as basic fibrob-
last growth factor (bFGF), vascular endothelial growth factor
(VEGF), endothelial growth factor (EGF), or platelet derived
growth factor (PDGF) to stimulate angiogenesis in ECMs (Ley
et al., 2004). However, the biological activity of these protein-
type growth factors may not last long due to their poor stability
(Prisell et al., 1992; Shea et al., 1999; Wang, 2005), result-
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ing from denaturation and deactivation of proteins during the
formulation process with an ECM or less than optimal storage
conditions (Tabata, 2003).

Panax ginseng has long been used in herbal medicine in the
repair of intractable skin ulcers of patients with diabetes mel-
litus (Morisaki et al., 1995). Angiogenesis is known to play an
important role in the repair of ulcers. Ginsenoside Rg; (Rg;) and
Re (Re) are two of the active components of saponin in Panax
ginseng (Lee et al., 1997; Scott et al., 2001).

Rg; has an estrogen-like activity and may be classified as
a novel class of potent phytoestrogen (Chan et al., 2002). It is
known that estrogen directly modulates angiogenesis via effects
on endothelial cells (Morales et al., 1995). Experimentally, Re
was shown to stimulate the activity of nitric oxide synthase
(NOS) significantly (Scott et al., 2001). It was reported that nitric
oxide (NO) is a downstream mediator in the angiogenic response
to a variety of growth factors, but the mechanism by which
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NO promotes neo-vessel formation is still not clear (Babaei
and Stewart, 2002). Sengupta et al. (2004) suggested that in
addition to promoting the synthesis of NOS enzyme, Rg; can
activate through the phosphatidylinositol-3 kinase — phospho-
Akt — NOS pathway.

As aforementioned, the biological activity of angiogenic
agents may get denatured and deactivated throughout their
loading process in an ECM or during storage (Tabata, 2003).
Therefore, effects of temperature, pH, and solvent species (the
parameters used to load angiogenic agents in an ECM or during
storage, Fransson et al., 1997; Zour et al., 1992) on the stabil-
ity of Rg; and Re must be investigated, based on their activity
to promote angiogenesis in vitro and in vivo. In the study, the
remaining activities of Rg; and Re after being treated at different
temperatures, pHs, or solvent species for distinct durations on
human umbilical vein endothelial cell (HUVEC) proliferation,
migration, and tube formation were examined in vitro. Addition-
ally, the remaining activity of each treated test agent, mixed in
a growth factor-reduced Matrigel, in stimulating angiogenesis
was evaluated subcutaneously in a mouse model. bFGF, a com-
monly used angiogenic agent in tissue engineering, was used as
a control.

2. Materials and methods
2.1. Materials

bFGF (with heparin binding), Rg{, and Re (Fig. 1) were pur-
chased from PeproTech Inc. (Rocky Hill, NJ, USA), Nacalai
Tesque Inc. (Kyoto, Japan), and Extrasynthese Co. Ltd. (Zone
Industrielle, Lyon Nord, France), respectively. Matrigel obtained
from Becton Dickinson Biosciences (growth factor-reduced, San
Jose, CA, USA) was used for all the related experiments. All
other chemicals and reagents used were of analytical grade.
Stock solutions of bFGF (500 ng/ml), Rg; (1.5 mg/ml), and Re
(1.5 mg/ml) were prepared separately in 20% aqueous ethanol
and used for all experiments. It should be noted that the final con-
tent of ethanol in the growth medium was less than 0.5% (v/v),
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which would not interfere with the test system (Zhang et al.,
2001). Furthermore, all the control groups contained the same
amount of ethanol as those in the compound-treated groups.

2.2. Treatments of test agents

In the study, bFGF, Rg;, and Re were treated and kept sep-
arately at different temperatures, pHs, or solvent species for
distinct periods. For the temperature treatment, the prepared
stock solutions of bFGF, Rg;, and Re were kept separately at 4,
25,37,and 50 °Cfor 3,7, and 14 days. For the pH treatment, each
stock solution was buffered at pH 4.0 (sodium acetate—acetic
acid buffer), pH 7.4 (phosphate buffered saline, PBS), or pH
10.0 (carbonate buffer) at 37 °C for 3 and 7 days. For the solvent
treatment, bFGF, Rg;, and Re were prepared in 20% aqueous
ethanol, anhydrous ethanol, and dimethyl sulfoxide (DMSO)
separately at 37 °C for 3 and 7 days. Ethanol and DMSO have
been frequently used as solvents to dissolve experimental drugs
and compounds that do not easily dissolve in water or saline
(Castro et al., 1995). In the study it was found that Re is rather
hydrophobic and its solubility in water is limited. Subsequently,
the remaining activity of each treated test agent on HUVEC pro-
liferation, migration, and tube formation was studied in vitro.

2.3. Invitro study

HUVECs (Cascade Biologies, Portland, OR, USA) were
cultured at 37 °C in a humidified atmosphere of 5% CO, and
95% air in Medium 200 supplemented with low serum growth
supplement (LSGS, Cascade Biologies). All experiments were
carried out with the same batch of HUVECs (passages 4-6).
Confluent HUVEC monolayers were used in the proliferation,
migration, and tube formation assays as described below. The
concentrations of test agents used in the in vitro study were:
10ng/ml for bFGF and 30 pg/ml for Rg; and Re. The former
concentration was commonly used in the literature to evaluate
the angiogenic activity of bFGF in vitro (Nie et al., 2000).
Additionally, it was reported that effects of Re on HUVEC
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Fig. 1. Chemical structures of ginsenoside Rg; and Re.
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behaviors were dose-dependent and reached a maximal level
at a concentration of about 30 wg/ml (Huang et al., 2005).
Therefore, the concentration used for Rg; and Re was 30 png/ml.

Effects of each test agent on HUVEC proliferation, migra-
tion, and tube formation were investigated in vitro. Details of
methodologies used in the study were similar to those reported
in the literature and described in our previous studies (Huang et
al., 2005; Liang et al., 2005; Morales et al., 1995).

2.4. Invivo angiogenesis assessment by the Matrigel plug
assay

The remaining activity of each treated test agent (Hall et al.,
2001) was also investigated in vivo. The study was conducted
under aseptic conditions using a mouse model (6-week-old male
C57/BL6 mice). Animal care and use was performed in compli-
ance with the “Guide for the Care and Use of Laboratory Ani-
mals” prepared by the Institute of Laboratory Animal Resources,
National Research Council, and published by the National
Academy Press, revised 1996. In total, 35 mice were used
and separated into seven groups (n =35 for each studied group):
Matrigel alone (MG/Control); those mixed with fresh bFGF
(before being treated, 0.5 wg/ml, MG/bFGF), Rg; (50 pg/ml,
MG/Rg1), and Re (50 pg/ml, MG/Re); and those mixed with
bFGF (0.5 pg/ml, MG/bFGF-Day 7), Rg; (50 pg/ml, MG/Rg; -
Day 7), and Re (50 pg/ml, MG/Re-Day 7) after being treated at
37°C for 7 days. The concentration applied for each test agent
in vivo was based on those used in the literature (Klement et
al., 2000; Huang et al., 2005; Liang et al., 2005). Each studied
group was injected subcutaneously near the abdominal midline
of the mouse: one injection (0.5 ml) on each side.

The injected samples (Matrigel plugs) were retrieved on day
7 after implantation. At retrieval, the appearance of each test
sample was grossly examined and photographed. Subsequently,
the Matrigel plugs were retrieved and processed for histological
examinations or for the determination of hemoglobin contents.

2.5. Histological examinations

In histological examinations, the fixed samples were embed-
ded in paraffin, sectioned into a thickness of 5 wm, and then
stained with hematoxylin and eosin (H&E). The stained sections
of each test sample then were examined using light microscopy
(Nikon Microphoto-FXA). The density of neo-vessels (angio-
genesis) infiltrated into each studied sample was quantified with
a computer-based image analysis system (Image-Pro® Plus) at
a x200 magnification (Bader et al., 1998). A minimum of five
fields was counted for each retrieved sample. Additional sections
were stained for factor VIII with immunohistological technique
with a monoclonal anti-factor VIII antibody (Dako Co., Carpin-
teria, CA, USA).

The extent of vascularization in each retrieved sample was
determined by measuring the amount of hemoglobin (Tabata et
al., 1999). Test samples were fragmented with a scalpel and
immersed into 17mM of Tris—HCI buffer solution (pH 7.6)
containing 0.75% of ammonium chloride for 24h at 4°C to
extract hemoglobin in test samples. The extracted hemoglobin

was quantified using a hemoglobin assay kit (Wako, Osaka,
Japan).

2.6. Chemical stability

Rg; and Re were incubated in a sterile condition at 37, 50,
or 100 °C overnight. Subsequently, each test solution was ana-
lyzed by a high-performance liquid chromatographer (HPLC)
equipped with a C18 column (250 mm x 4.6 mm, BDS HYPER-
SIL, Thermo Electron Corp., Hercules, CA, n=35; Caccia et al.,
1992).

2.7. Statistical analysis

Statistical analysis for the determination of differences in the
measured properties between groups was accomplished using
one-way analysis of variance and determination of confidence
intervals, which was performed with a computer statistical pro-
gram (Statistical Analysis System, Version 6.08, SAS Institute
Inc., Cary, NC, USA). All data are presented as mean val-
ues +S.D.

3. Results and discussion

bFGF is one of the endogenous angiogenic factors which
stimulates proliferation and migration of endothelial cells (Nehls
et al., 1994) and was reported to have various biological activi-
ties available to tissue regeneration and tissue engineering (Lee
et al., 2000). It is weakly stable once the chemical or physical
conditions of its exposed medium have been changed. Conse-
quently, heparin is required for bFGF storage (Zamai et al.,
1998). Binding of bFGF to heparin induces a conformational
change in the bFGF molecule, resulting in an increased resis-
tance against thermal denaturation and enzymatic degradation,
and a reduced inactivation at acidic pH (Wissink et al., 2000).
Thus, most of the commercially available bFGF compounds are
heparin protected (Zamai et al., 1998).

3.1. HUVEC proliferation assay

The results of effects of bFGF, Rg;, and Re, before (fresh)
and after being treated at various temperatures for distinct dura-
tions, on HUVEC proliferation are shown in Table 1. The activity
of each test agent on HUVEC proliferation, estimated by the
MTS assay (Sakamoto et al., 2000; Terai et al., 2001), was
expressed as the percentage of the sample absorbance to that
of untreated control cells (the blank control in which no supple-
mented test agent was added). As shown, for fresh bFGF, Rg;,
and Re, HUVEC proliferations were increased 35, 17, and 17%
of untreated control cells, respectively, which were found to be
significant (P < 0.05). After being treated at different tempera-
tures, the remaining activity of bFGF on HUVEC proliferation
reduced significantly (P < 0.05). This observation was more sig-
nificant with increasing the temperature treated (P < 0.05) and
the duration of treatment (P < 0.05). In contrast, temperature did
not seem to significantly affect the activities of Rg; and Re on
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Table 1

Effects of bFGF and ginsenoside Rg; (Rg;) and Re (Re), before (fresh) and after being treated at various temperatures, pHs, and solvent species for distinct durations,
on HUVEC proliferation (n=5)

Effect of temperature

Test agent (%)

bFGF (fresh=135.5 +0.4%) Rg; (fresh=117.8 £0.5%) Re (fresh=116.9 +0.9%)

Temperature (°C) Day 3 Day 7 Day 14 Day 3 Day 7 Day 14 Day 3 Day 7 Day 14
4 126.1 £0.6 1229 +04 1195+16 1172+£0.6 1166 £04 1170+ 14 116706 117005 116.6 £2.5
25 120.8 £0.7 116.1 £04 1122+15 1171 +0.6 1168 +05 1154+26 1169+£02 1164+£06 1174+04
37 1179 £ 0.7 1123 +£06 1074+1.1 117.1£0.7 1173 £05 1163 +27 1169+09 1163 +0.7 1174+£25
50 1137+ 07 107912 1019+03 117.1+08 1169+06 1173+15 116.6£1.1 116.6£06 1172+19
Effect of pH
Test agent (%)
bFGF Rg; Re
pH IAT? Day 3 Day 7 IAT? Day 3 Day 7 IAT? Day 3 Day 7
4.0 1145 £05 1113 +£03 108.6 £ 0.2 1152 £ 0.3 1154 £ 0.6 115.1 £ 1.1 1155 £ 0.7 1154 £ 0.5 115.7 £ 0.1
7.4 131.8 £ 0.6 1182+ 04 111.5 £ 0.8 1155 £ 0.1 1155 £ 0.1 1157 £ 1.1 1153 £ 0.6 1157 £ 1.1 1159 £ 0.7
10.0 1134 £ 04 1114 +£0.6 108.9 £ 0.3 115.6 £ 0.7 1153 £ 04 1153 £ 0.7 1152 £ 0.6 1153 £ 04 1150 £ 04
Effect of solvent species
Test agent (%)
bFGF Rgi Re
Solvent IAT? Day 3 Day 7 IAT? Day 3 Day 7 IAT? Day 3 Day 7
20% Ethanol 1349 + 1.0 121.2 £ 0.6 107.9 £ 0.5 1172 £ 09 1169 £ 0.7 117.8 £ 0.8 117.6 £ 1.1 117.1 £ 0.5 1172+ 12
Ethanol 1353 £ 0.6 118.1 £ 0.9 106.0 £ 0.9 117.2 £ 0.9 117.3 £ 0.7 117.4 £ 0.5 117.1 £ 0.6 117.2 £ 0.6 1172 £ 0.8
DMSQP 129.6 £ 0.4 1209 £ 0.5 107.6 £ 1.5 1172 £ 0.4 1169 £ 1.9 1172 £ 13 117.1 £ 1.0 1175 £ 1.5 117.6 £ 1.8

The activity of each test agent on HUVEC proliferation, estimated by the MTS assay, was expressed as the percentage of the sample absorbance to that of untreated

control cells.
2 TAT: immediately after treatment.
b DMSO: dimethyl sulfoxide.

HUVEC proliferation throughout the entire course of the study
(P>0.05, Table 1).

After being treated at different pHs for distinct durations, the
remaining activity of bFGF on HUVEC proliferation decreased
significantly, particularly at pH 4.0 and 10.0. As indicated in
Table 1, the activity of bFGF reduced rapidly immediately after
being exposed at pH 4.0 or 10.0, while that treated at pH 7.4
decreased gradually (P <0.05). It was reported that bFGF is
most thermally stable between pH 7.0 and 9.0. Samples of bFGF
in the pH range of 2.0—4.0 showed several faint bands of protein
on SDS-PAGE gel which is an indication of protein fragmen-
tation (Vemuri et al., 1994). In contrast, the activities of Rg;
and Re on HUVEC proliferation stayed approximately the same
(P>0.05). After being treated in various solvent species, the
activity of bFGF on HUVEC proliferation also declined with
time (P <0.05, Table 1), while the activities of Rg; and Re
remained unchanged throughout the entire course of the study
(P>0.05).

The aforementioned results indicated that changes in the
chemical or physical parameters such as pH, temperature, or
solvent species could significantly affect the activity of bFGF
on HUVEC proliferation, even though it was heparin protected.
In contrast, the activities of Rg; and Re on HUVEC prolifera-

tion remained approximately the same. It is known that proteins
are often unstable without being in their native environments.
The occurrence of protein denaturation may be attributed to a
variety of factors, including changes in pH, buffer species, and
temperature, which in turn may cause conformation changes and
protein precipitation (Fransson et al., 1997; Shah et al., 1998;
Vemuri et al., 1994). It was shown that bFGF is uniquely sus-
ceptible to acid and heat treatments (Ogura et al., 1999). Even
if at physiological pH and temperature, the in vitro half-lifetime
of bFGF is approximately 12 h (Perets et al., 2003; Westal et al.,
1983).

Additionally, proteins are unstable in most polar solvents
such as ethanol and DMSO (Pace et al., 2004). Previous reports
indicated that DMSO is a protein-dissolving solvent and is
capable of causing partial unfolding or denaturation of pro-
teins (Zheng and Ornstein, 1996). On the contrary, ginseno-
sides such as Rg; and Re share a similar basic structure,
consisting of gonane steroid nucleus having 17 carbon atoms
arranged in four rings (Popovich and Kitts, 2002). These spe-
cific chemical structures consist of a high degree of ring structure
(Fig. 1), which makes their flexibility very limited. The ring
structures are known to be inherently stable (Tongay et al.,
2005).
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Fig. 2. Effects of bFGF and ginsenoside Rg; (Rg;) and Re, before (fresh) and
after being treating at 4 or 37 °C for 7 days, on HUVEC migration obtained
in a Transwell-plate assay, n.s. indicates no statistical difference; “indicates
statistical significance at a level of p <0.05.

The activities of bFGF, Rg, and Re before and after being
treated at 4 or 37 °C for 7 days on HUVEC migration and tube
formation were further evaluated in vitro.

3.2. HUVEC migration assay

HUVEC migration assays were conducted in Transwell plates
(Facchiano et al., 2002) using Matrigel-coated membranes. Cells
were added to the upper chamber and after 12 h, the number
of cells migrated through the membrane in response to each
test agent in the lower chamber was quantified. As shown in
Fig. 2, HUVECs treated with fresh bFGF, Rgj, and Re showed
approximately 2.7, 2.5, and 2.5 times of the migratory activ-
ity of untreated control cells, respectively (P < 0.05). However,
after being treated, the remaining activity of bFGF on HUVEC
migration reduced significantly (P < 0.05), while those of Rg;
and Re remained unchanged (P > 0.05).

3.3. HUVEC tube formation assay

Enhancements of HUVEC migration by bFGF, Rg;, and Re
suggested that these test agents might also enhance HUVEC
tube formation in vitro (Hotchkiss et al., 2002). As shown
in Fig. 3a, when placed on Matrigel in the absence of test
agents (the blank control), HUVECs formed incomplete and
narrow tube-like structures. In contrast, following stimulation
with bFGF, Rg1, or Re, formation of elongated and robust tube-
like structures was observed which were organized by a greater
number of cells as compared to the blank control. The abil-
ity of HUVECs to form a network of tubular structures across
the surface of a Matrigel substratum is a complex phenomenon
that combines elements of attachment, migration, organization,
and differentiation (Grant et al., 1991). Other cell types such
as salivary gland, mammary, renal tubular, or bone cells also
exhibit organization on Matrigel (Kibbey et al., 1992; Seely
and Aggeler, 1991). The complex organizational behavior of
HUVECs on Matrigel models the type of coordinated activities

required for angiogenesis by endothelial cells (Morales et al.,
1995).

The observed tube formation was further quantitatively esti-
mated by measuring the area covered by the tube network using
animage analysis system. Tube formation activity was expressed
as the percentage of the area to that of the blank control. Fig. 3b
shows that fresh bFGF, Rgy, and Re stimulated HUVEC tube
formation, and this stimulation was found to be statistically sig-
nificant as compared to the blank control (P < 0.05). However,
after being treated, the remaining activity of bFGF in stimu-
lating HUVEC tube formation reduced significantly (P < 0.05),
while those of Rg; and Re remained approximately the same
(P >0.05).

The aforementioned results indicated that bFGF, Rgy, and
Re enhanced several in vitro HUVEC activities related to angio-
genesis, including proliferation, migration, and tube formation.
However, the activity of bFGF was significantly affected by
the exposure to temperature, pH, and solvent species, while
those of Rg; and Re remained unchanged. To further deter-
mine whether bFGF, Rg;, and Re before and after being
treated at 37 °C for 7 days were capable of stimulating angio-
genesis in vivo, an established in vivo angiogenesis model,
the mouse Matrigel plug assay (Sengupta et al., 2004), was
performed.

3.4. Chemical stability

Results of our HPLC analyses showed that there were no
significant changes in the chromatograms of Rg; and Re before
incubation and those incubated at 37, 50, or 100 °C overnight.
In contrast, it was reported that incubation of bFGF at the same
conditions resulted in a loss of its chemical stability as compared
to its starting HPLC chromatogram (Caccia et al., 1992). These
results indicated that the chemical stability of Rg; and Re was
significantly better than that of bFGFE.

3.5. Invivo study

Matrigel alone (MG/Control) or containing each test agent
were subcutaneously injected into C57/BL6 mice, and 7 days
later, the formed Matrigel plugs in mice were photographed
and excised. Fig. 4 illustrates representative photographs of
the MG/Control, MG/bFGF, MG/Rg|, MG/Re, MG/bFGF-Day
7, MG/Rg;-Day 7, and MG/Re-Day 7 plugs observed on day
7 after implantation. As shown, the plug with Matrigel alone
(MG/Control) was clear in its color, indicating no or less blood
vessel formation. In contrast, Matrigel plugs mixed with fresh
(MG/bFGF, MG/Rg;1l, MG/Re) or treated (MG/bFGF-Day 7,
MG/Rgi-Day 7, and MG/Re-Day 7) test agents appeared red
color.

In accordance with the gross appearance, histological exam-
inations of the red areas in the test groups showed numerous
vascular structures with cells infiltrated (Fig. 5). These vessels
abundantly filled with red blood cells, which indicated the for-
mation of a functional vasculature inside the Matrigel plugs. The
in-growing vessels were coated with an inner endothelial layer
staining positive with a monoclonal antibody against factor VIII.
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Fig. 3. (a) Photomicrographs showing effects of bFGF and ginsenoside Rg; (Rg;) and Re, before (fresh) and after being treated at 37 °C for 7 days, on tube formation
by HUVECs (magnification, x40). (b) Quantification of tube formation in the presence or absence of bFGF or ginsenoside Rg; (Rg;) or Re (Re), before (fresh) and
after being treating at 4 or 37 °C for 7 days. Tube formation was quantitatively estimated by measuring the area covered by the tube network using an image analysis
program, n.s. indicates no statistical difference; “indicates statistical significance at a level of p <0.05.

MG/Control MG/bFGF-Fresh MG/Rg;-Fresh MG/Re-Fresh

MG/bFGF-Day 7 MG/Rg;-Day 7 MG/Re-Day 7

Fig. 4. Photographs of all implanted samples observed on day 7 after implantation. MG/Control: Matrigel alone; MG/bFGF-Fresh, MG/Rg;-Fresh, and MG/Re-
Fresh: Matrigel mixed with fresh bFGF, Rg;, and Re, respectively; MG/bFGF-Day 7, MG/Rg-Day 7, and MG/Re-Day 7: Matrigel mixed with bFGF, Rg;, and Re,
respectively, after being treated at 37 °C for 7 days.
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Fig. 5. Photomicrographs of all test samples retrieved on day 7 after implantation showing cell invasion with functional capillaries with red blood cells in the lumen.
H&E: stained with hematoxylin and eosin (magnification, x200). Factor VIII: stained with a monoclonal antibody against factor VIII (magnification, x800).

100 =5

7

W

804 n.s.

ns.

60

40 o

Density of Neo-Vessels
(Vessels/mm?)

20

o
j—i 11.3+3.5

MG/ MG/ MG/ MG/ MG/ MG/ MG/
Control bFGF Rg, Re bFGF Rg, Re
(a) Fresh Day 7

(n=15)

2.0 4
1.8 / 7
1.6 % r s 1
g L4+ r n.s. .
5 E” 1.2 .
= 2 1.0+ S 77
= = //
Szos] 3 %/%
T e s .
.
TR o
i
ET %fg
2 04 %‘/
i L
MG/ MG/ MG/ MG/ MG/ MG/
Control bFGF Rg, bFGF Rg, Re
(b) Fresh Day 7

Fig. 6. Quantitative analyses of: (a) the density of neo-vessels and (b) the tissue
hemoglobin content observed in each test group observed on day 7 after implan-
tation. n.s. indicates no statistical difference; *indicates statistical significance
at a level of p<0.05.

In contrast, the Matrigel alone group (MG/Control) was slightly
vascularized.

The density of neo-vessels infiltrated into the Matigel plugs
mixed with fresh bFGF, Rg;, and Re (MG/bFGF, MG/Rg1, and
MG/Re) were significantly greater than the Matrigel alone group
(MG/Control, P <0.05, Fig. 6a). However, the density of neo-
vessels was significantly reduced in the Matrigel plug mixed
with bFGF after being treated at 37 °C for 7 days (MG/bFGF-
Day 7). In contrast, its Rg; and Re counterparts (MG/Rgi-
Day 7 and MG/Re-Day 7) remained unchanged (P > 0.05).
These results were further confirmed by the determination of
hemoglobin contents in the Matrigel plugs (Fig. 6b).

4. Conclusions

The results obtained in the study indicated that the angiogenic
activity of bFGF was significantly affected by its environmen-
tal parameters such as temperature, pH, and solvent species,
while those of Rg; and Re remained unchanged throughout the
experimental period. These results suggested that Rg; and Re
could be a novel group of nonpeptide angiogenic agents with a
superior stability and may be used for the management of tissue
regeneration.
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