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Ursolic Acid Induces Allograft Inflammatory Factor-1
Expression via a Nitric Oxide-Related Mechanism
and Increases Neovascularization
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Ursolic acid (UA), a triterpenoid compound found in plants, is used in the human diet and in medicinal
herbs and possesses a wide range of biological benefits including antioxidative, anti-inflammatory, and
anticarcinogenic effects. Endothelial expression of allograft inflammatory factor-1 (AIF-1) mediates
vasculogenesis, and nitric oxide (NO) produced by endothelial NO (eNOS) represents a mechanism
of vascular protection. It is unclear whether UA affects the neovascularization mediated by AlF-1 and
eNOS expression. This study investigated the effects and mechanisms of UA on angiogenesis in vivo
in hind limb ischemic animal models and in vitro in human coronary artery endothelial cells (HCECs).
This study explored the impact of UA on endothelial cell (EC) activities in vitro in HCECs, vascular
neovasculogenesis in vivo in a mouse hind limb ischemia model, and the possible role of AIF-1 in
vasculogenesis. The results demonstrate that UA enhances collateral blood flow recovery through
induction of neovascularization in a hind limb ischemia mouse model. In vitro data showed that UA
increases tube formation and migration capacities in human endothelial cells, and exposing HCECs
to UA increased AIF-1 expression through a NO-related mechanism. Moreover, UA administration
increased capillary density and eNOS and AlF-1 expression in ischemic muscle. These findings
suggest that UA may be a potential therapeutic agent in the induction of neovascularization and
provide a novel mechanistic insight into the potential effects of UA on ischemic vascular diseases.

KEYWORDS: Allograft inflammatory factor-1; Chinese herbal medicine; endothelial nitric oxide synthase;
neovascularization; ursolic acid

INTRODUCTION

Ursolic acid (34-hydroxyurs-12-en-28-oic acid) (UA) is a
triterpenoid compound found in plants. UA is used in the human
diet and in medicinal herbs (7, 2) in the free acid form or as
aglycones of triterpenoid saponins (3). It is well-known that UA
possesses a wide range of biological benefits including anti-
oxidative (4, 5), anti-inflammatory (5), and anticarcinogenic (6)
effects. Increasing evidence suggests that UA may inhibit free
radical induced lipid peroxidation (7), increase the activity of

glucose induced apoptosis (9). Administration of UA demon-
strated pleiotropic benefits, including inhibition of isoproterenol-
induced myocardial ischemia, hyperglycemia-induced monocytic
apoptosis (9), ethanol-mediated liver and heart damage (10, 117),
and p-galactose-induced neurotoxicity in the brain (/2). Addi-
tionally, UA appears to have anti-inflammatory actions such as
inhibition of arachidonate metabolism (/3), attenuation of in-
ducible NOS and cyclooxygenase-2 expression (/4), and attenua-
tion of prostaglandin E2 synthesis (15). Therefore, administra-

endothelial nitric oxide synthase (eNOS), inhibit nicotinamide
adenine dinucleotide phosphate oxidase 4 expression (8), enhance
nonenzymatic antioxidative activities (4), and regulate high
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tion of UA may effectively prevent symptoms such as redness,
edema, heat sensation, and pain. These findings suggest that the
pharmacological action of UA may offer therapeutic strategies
for the treatment of inflammatory and oxidative stress-related
disorders.

Despite the anti-inflammatory and antioxidative actions of
UA, its effects on the angiogenic ability of endothelial cells (ECs)
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were controversial in previous studies. Casimiro et al. demon-
strated in vitro that UA can inhibit angiogenesis by inhibiting EC
proliferation, migration, and differentiation, but simultaneously
showed that UA may increase the expression of urokinase and
matrix metalloproteinase-2 (MMP-2), which triggers angiogen-
esis (16). Furthermore, Kiran et al. reported that UA treatment
increased the expression of E-selectin, intracellular adhesion
molecule (ICAM), vascular endothelial growth factor (VEGF),
and fibroblast growth factor 2 (FGF-2) in human umbilical vein
endothelial cells (HUVECsS) (/7). Thus, an intensive study of the
effects of UA on angiogenesis in vitro in human cells and in vivo
in animal models is necessary.

In 1995, Utans et al. identified and characterized a novel
macrophage factor, allograft inflammatory factor-1 (AIF-1), in
the cytokine-rich milieu of cardiac allografts and showed that up-
regulation of AIF-1 may accelerate chronic rejection-associated
infiltration of INF-y-stimulated macrophages (/8). Furthermore,
increasing evidence demonstrated that inhibition of AIF-1 may
significantly reduce macrophage and vascular smooth muscle cell
activation and signal transduction during atherogenesis (/9—22).
ATF-1 plays key roles in vascular smooth muscle cells and macro-
phages, which are involved in vascular inflammation. In contrast,
the expression and roles of AIF-1 in vascular ECs were unchar-
acterized until 2009. In 2009, Tian et al. demonstrated that AIF-1
expression in ECs mediates vasculogenesis (23). Furthermore,
Jia et al. revealed that AIF-1 overexpression promotes cell cycle
transition, presumably by up-regulation of basic fibroblast
growth factor (24, 25). In this study, we therefore explored the
impact of UA on EC activities in vitro, vascular neovasculogen-
esis in vivo, and the possible role of AIF-1 in vasculogenesis.

MATERIALS AND METHODS

Reagents. UA (=98.5% purity) and other reagents were purchased
from Sigma-Aldrich Co. (St. Louis, MO). UA was dissolved in ethanol as
a 10 mM stock solution and stored at 4 °C.

Animals. All animals were treated according to protocols approved by
the Institutional Animal Care Committee of the Taipei Medical University
(Taipei, Taiwan). The experimental procedures and animal care con-
formed to the Guide for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (NIH Publication 85-23, revised
1996). Male outbred ICR mice (6—8 weeks old) were purchased from the
National Laboratory Animal Center in Taiwan. All mice were kept in
microisolator cages on a 12 h day/night cycle and on a commercial mouse
chow diet (Scientific Diet Services, Essex, U.K.) with water ad libitum.

Thirty mice were used, and the animals were divided into six groups.
Group 1 was the nave control group; group 2 received a hind limb ischemia
operation at the end of week 1 of the experiment; group 3 received a hind
limb ischemia operation at the end of week 1 and intraperitoneal injections
of UA [2mg/kg of body weight (BW)] at the end of weeks 1, 2, and 3; group
4 received a hind limb ischemia operation at the end of week 1 and
intraperitoneal injections of UA (5 mg/kg of BW) at the end of weeks 1, 2,
and 3; group 5 received intraperitoneal injections of UA (5 mg/kg of BW)
only at the end of weeks 1, 2, and 3; and group 6 received an incision but
did not receive hind limb ischemia operation (sham control).

Mouse Hind Limb Ischemic Experiment. Six-week-old male ICR
mice were kept on a commercial mouse chow diet. After 1 week of experi-
mentation, unilateral hind limb ischemia was induced by excising the right
femoral artery as previously described (26). Briefly, the animals were
anesthetized by intraperitoneal injection of Xylocaine (2 mg/kg of BW)
plus Zoletil (containing a dissociative anesthetic, Tiletamine/Zolazepam at
a ratio of 1:1; 5 mg/kg of BW). The proximal and distal portions of the
femoral artery were ligated. Hind limb blood perfusion was measured with
a laser Doppler perfusion imager system (Moor Instruments Limited,
Devon, U.K.) before and after the surgery and then followed weekly. The
animals were sacrificed at the end of the fourth experimental week. To
avoid the influence of ambient light and temperature, the results are
expressed as the ratio of perfusion in the right (ischemic) versus left
(nonischemic) limb.
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Biochemical Measurements. Blood samples for biochemical mea-
surements were collected from each animal before, and at 1, 2, 3, and
4 weeks after, the start of the experiment. Samples were collected from
the mandibular artery into sodium citrate-containing tubes and separated
by centrifugation. Serum blood urea nitrogen (BUN), creatinine, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) were mea-
sured using the SPOTCHEM automatic dry chemistry system (SP-4410;
Arkray, Japan).

Morphometry and Immunohistochemistry. The liver, kidney, and
whole ischemic limbs were harvested. The adhering tissues and femora
were carefully removed, and samples were immersion-fixed with 4%
buffered paraformaldehyde, performed on serial 5 um thick paraffin-
embedded sections.

Hematoxylin/eosin staining was used for liver and kidney morphome-
try. Immunohistochemical staining was performed on mouse ischemia
skeletal muscle by using goat anti-CD31 (Santa Cruz Biotechnologies,
Santa Cruz, CA), rabbit anti-eNOS (Millipore, Bedford, MA), rabbit
antiphospho-eNOS (Millipore), and goat anti-AIF-1 (Abcam, Cambridge,
MA) antibodies.

Cell Culture. Human coronary artery endothelial cells (HCECs) were
purchased from Cascade Biologics (Portland, OR) and were grown in
endothelial cell growth medium (medium 200, Cascade Biologics) supple-
mented with 2% fetal bovine serum (FBS), 1 ug/mL hydrocortisone,
10 ng/mL human epidermal growth factor, 3 ng/mL human fibroblast
growth factor, 10 ug/mL heparin, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 1.25 mg/mL Fungizone (Gibco, Grand Island, NY). HCECs
were grown at 37 °C in a humidified 5% CO, atmosphere and were used at
passages 3—8. The growth medium was changed every other day until
confluence. The purity of HCEC cultures was verified by immunostaining
with a monoclonal antibody directed against endothelial-specific human
von Willebrand factor (yWF; R&D Systems, Minneapolis, MN).

Measurement of Cytotoxicity and Proliferation by MTT Assay.
Cell cytotoxicity of UA was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. HCECs (2 x 10* cells)
were grown in 96-well plates and incubated with various concentra-
tions (1—50 uM) of UA for 24 h. Subsequently, MTT (0.5 ug/mL) was
applied to cells for 4 h to allow the conversion of MTT into formazan
crystals. After washing with phosphate-buffered saline (PBS), the cells
were lysed with dimethyl sulfoxide (DMSO), and the absorbance was read
at 530 nm by using a DIAS Microplate Reader (Dynex Technologies,
Chantilly, VA).

Endothelial Cell Tube Formation Assay. The tube formation assay
was performed on HCECs to assess vasculogenesis capacity, which is
believed to be important for new vessel formation. The in vitro tube
formation assay was performed using the Angiogenesis Assay Kit
(Chemicon, Brea, CA) (27) according to the manufacturer’s protocol. In
brief, ECMatrix gel solution was thawed at 4 °C overnight, mixed with
ECMatrix diluent buffer, and placed in a 96-well plate at 37 °C for 1 h to
allow the matrix solution to solidify. HCECs were harvested as described
above with trypsin/ethylenediaminetetraacetic acid (EDTA), 10* cells were
placed on the matrix solution with M200 medium with UA, and the
samples were incubated at 37 °C for 12 h. Tubule formation was inspected
under an inverted light microscope. Four representative fields were taken,
and the average of the total area of complete tubes formed by cells was
compared by Image-Pro Plus computer software.

Cell Wound-Healing Assay. The migration ability of UA-treated
HCECs cells was assayed in a monolayer denudation assay as de-
scribed (28). HCECs were cultured in a 12-well plate. The confluent cells
(2 x 10°/well) were wounded by scraping with a 100 L pipet tip, which
denuded a strip of the monolayer that was 300 um in diameter. The
cultures were washed twice with PBS, the medium was supplemented
with 5% FBS, and the rate of wound closure was observed after 24 h.
The distance of the gap was measured under a 4x phase objective of a
light microscope (Olympus IX71, USA), monitored with a CCD camera
(Macro FIRE 2.3A), and captured with a videographic system (Picture
Frame Application 2.3 software).

F-Actin Staining and Immunofluorescence Staining. HCECs seeded
on the cover slide (1 x 10° cells) and fixed with 4% paraformaldehyde were
permeabilized for 10 min with 0.1% Triton X-100 solution. Nonspecific
antigens were blocked with 2% bovine serum albumin for 30 min, followed
by staining with rhodamine-conjugated phalloidin or goat anti-AIF-1
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Table 1. Plasma Biochemical Characteristics (n = 5) in Experimental Mice®
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UA administration

hind limb ischemia

weeks control sham control 5 mg/kg BW 0 mg/kg BW 2 mg/kg BW 5 mg/kg BW
BUN (mg/dL) 0 17+£2 19+£5 20+ 4 18+£6 19+38 21+5
2 15+5 16+3 19+ 6 18+ 6 21+5 207
4 12+4 15+6 19+4 19+3 20+5 18 +4
creatinine (mg/dL) 0 1.5+05 1.3+£0.2 1.8 £0.2 1.6 £0.1 14+£02 14+£02
2 12+0.6 1.2+02 1.5+04 1.6 + 0.1 1.6 +£ 0.1 1.1+ 0.1
4 14+04 16 +£0.3 1.5+ 0.1 1.7+ 0.0 1.7 £ 0.1 1.9+ 0.1
AST (IUL) 0 30+9 3B5+4 47 +7 38+ 12 36+7 37+4
2 36+6 386 + 27* 4582 +7.8 250 £ 17* 280 + 31" 258 + 15*
4 31+8 35+6 38+4 47 +7 40+ 6 43+6
ALT (IUL) 0 38+8 35+8 38+ 10 37+7 36+7 37+10
2 4149 57 £ 11 42 £12 46 £8 47 =16 38+5
4 34+7 47+ 6 58 +7 39+ 10 42+ 1 41+8

@UA, ursolic acid; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Values are mean + SD. *, p < 0.05 compared with 0 week at

the same group.

(Abcam) antibody and incubation with the secondary antibody conju-
gated to fluorescein isothiocyanate (FITC). Nuclei were identified using
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI). The
slides were observed with confocal microscopy.

Western Blot Analysis. Cells were lysed with lysis buffer [0.5 M NaCl,
50 mM Tris, 1 mM EDTA, 0.05% SDS, 0.5% Triton X-100, and 1 mM
phenylmethanesulfonyl fluoride (PMSF)] for 30 min at 4 °C, and cell
lysates were centrifuged at 4000g for 30 min at 4 °C. Protein concentration
in the supernatants was measured using a Bio-Rad protein determination
kit (Bio-Rad, Hercules, CA). The supernatants were subjected to 10%
SDS-PAGE and transferred for 1 h at room temperature to polyvinylidene
difluoride (PVDF) membranes. The membranes were treated for 1 h at
room temperature with PBS containing 0.05% Tween 20 and 2% skimmed
milk and incubated separately for 1 h at room temperature with mouse
anti-eNOS (Millipore) or goat anti-human AIF-1 antibodies (Abcam).
After washing, the membranes were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated rabbit anti-goat or mouse IgG.
Immunodetection was performed using a chemiluminescence reagent and
exposure to Biomax MR Film (Kodak, Rochester, NY).

Statistical Analyses. Values are expressed as means = SEM. Statis-
tical evaluation was performed using Student’s ¢ test and one- or two-way
ANOVA followed by Dunnett’s test. A probability value of p < 0.05 was
considered to be significant.

RESULTS AND DISCUSSION

UA Enhances Recovery of Capillary Density in ICR Mice.
During the experimental period, weight gain and final weight
did not differ significantly among the groups of animals (data not
shown). As shown in Table 1, serum BUN, creatinine, and ALT
levels were not significantly different between groups, although
the AST level increased in the groups that received the hind limb
ischemia operation at the end of week 2. To ensure that the dosage
of UA used in the present animal study was harmless, morpho-
metric analyses of kidney and liver were performed. Compared
with the nave control group, intraperitoneal administration of
UA at 5 mg/kg of BW three times over 4 weeks did not cause
kidney injury, including glomerulonephritis, compression of
capillaries, and narrowing of the Bowman space, in experimental
mice (Figure 1A). The liver samples of UA-administered mice did
not show feathery degeneration, micro- and macrocellular fatty
changes, periportal fibrosis, or vascular congestion (Figure 1B).
These results indicate that mice treated with UA at 5 mg/kg of
BW demonstrated normal kidney and liver functions as well as
histology.

UA administration
5 mg/kg BW

Kidney
UA administration
B control | 5 mg/kg BW
X . & < .. Ié‘_(f l.. :‘
Liver

Figure 1. Control mice treated with UA demonstrated normal kidney and
liver histology. (A) Control mouse kidney showing normal glomerulus
(indicated by arrowheads). Following the control group, 5 mg/kg of BW UA
administration 3 times over 4 weeks was harmless to kidney. (B) Control
mouse liver showing central vein (indicated by black arrow) and hepato-
cytes arranged in the form of a cord. Liver of mouse administered UA also
showed normal histology. Tissue samples were performed on serial 5 um
thick paraffin-embedded sections. Hematoxylin/eosin staining was used for
morphometry (original magnification x20).

To evaluate the angiogenic effect of UA, we induced tissue
ischemia by unilateral hind limb ischemia surgery in wild-type
male ICR mice (n = 5 for each group). The hind limb ischemic
mice showed delayed blood flow recovery after ischemia surgery
compared with control mice as determined by laser Doppler
imaging, whereas intraperitoneal injection of UA at 2 and
5 mg/kg of BW significantly improved blood flow in hind limb
ischemia-treated mice 2 weeks after ischemic surgery (the end of
week 3) (Figure 2A,B). The blood flow of the limb was signifi-
cantly changed in UA-treated and incision-receiving mice during
the experimental period, but was not changed in control mice
(Figure 2B). Three weeks following ischemic surgery (the end of
experimental week 4), the ischemia/normal perfusion ratios were
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Figure 2. Effect of UA on blood flow recovery after hind limb ischemia in ICR mice. (A) Representative results of laser Doppler measurements before
operation (control), 1 day and 3 weeks after hind limb ischemia surgery in 0, 2, or 5 mg/kg of BW UA administration mice. Color scale illustrates blood flow
variations from minimal (dark blue) to maximal (red) values. Arrows indicate ischemic (right) limb after hind limb ischemia surgery. (B) Doppler perfusion ratios
(ischemic/nonischemic hind limb) over time in the different groups. Administration of 2 (M) or 5 (1) mg/kg of BW UA provided the beneficial effect of blood flow
recovery, compared with the nonadminstered group (OJ) after hind limb ischemia surgery for 2 weeks (the end of week 3 of the experiment). The blood flow of
the limb did not significantly change in control (@), only UA-treated (O), and only incision-received mice (¥). Results are mean + SEM (x, p < 0.05 compared
with non-UA-administered group (O). (C) After ischemic surgery for 3 weeks (the end of week 4 of the experiment), the ischemia/normal perfusion ratio in the
UA-treated group was higher than that in the non-UA-treated group. Results are mean + SEM (%, p < 0.05 was considered to be significant). (D) Mice were

sacrificed 3 weeks after surgery, and capillaries in the ischemic muscles were visualized by anti-CD31 immunostaining.

higher in the UA-treated group than in the non-UA-treated
group (Figure 2C). Consistent with the measurements by laser
Doppler imaging, anti-CD31 immunostaining revealed that
UA administration at both 2 and 5 mg/kg of BW significantly
increased the number of detectable capillaries in the ischemic
muscle of treated mice (Figure 2D) compared to untreated ischemic
mice. These results indicate that UA treatment may enhance
the recovery of capillary density after hind limb ischemia in ICR
mice.

We established the dose of UA on the basis of our pilot
experiment, which was performed according to a previous animal
study (29). The acute toxicity (LDsg) of UA on miceis > 637 mg/kg
(intraperitoneal) and 8330 mg/kg (oral). The pharmacokinetic
parameters of UA in rats after oral administration (80.32 mg/kg)
are Cpax = 294.8 ng/mL, #,,x = 1.0 h, K, = 0.16/h, and ¢;, =
4.3 h (30). The pharmacokinetic data from Liao et al. suggest
that the absorption of UA was rapid but its concentration in rat
plasma was extremely low after oral administration. This implies
either that UA has high binding activity in organs and low blood
distribution or that UA is metabolized by the gut wall and liver
but is poorly absorbed by the intestine (30).

UA Increases Proliferation, Tube Formation, and Migration
of HCECs. The MTT assay was performed to analyze the cell
viability and cytotoxicity of UA. Treatment of HCECs with
1 uM UA for 12 and 24 h or with 2.5 uM UA for 12 h did not
result in cell viability changes or cell cytotoxicity (Figure 3). In
contrast, >5uM UA may cause significantly reduced cell viabil-
ity. Interestingly, HCECs treated with UA at 2.5 uM for 24 h
and at 5 uM for 12 or 24 h showed significantly increased cell
proliferation (125.4 + 12.5, 120.6 &+ 14.3, or 132.8 £ 6.5% of
control, respectively). The results indicate that a moderate
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Figure 3. Effects of UA on cytotoxicity and proliferation were analyzed by
the MTT assay: treatment of HCECs with 1—50 uM UA for 12 (M) or
24 (0O) h. The MTT assay was performed and the absorbance was recorded
using a microplate reader. Data are expressed as the mean + SEM of three
experiments performed in triplicate [x, p < 0.05 compared with control
(non-UA treated) at the same time point and considered to be significant].

concentration (2.5—5 uM) of UA increases eeHCEC prolifera-
tion, whereas a higher concentration induces cell cytotoxicity.
To explore the potential effects of UA on EC neovasculariza-
tion, tube formation, and migration, assays were performed
on HCECs. It has been shown that ECs successfully generate
capillary network formation on Matrigel (/6). After 24 h of
culturing in 2.5 or 5 uM UA, the functional capacity for tube
formation of HCECs on ECMatrix gel was significantly increased
compared with the control group (200.1 + 36.9 and 258.4 +
28.4% of control, respectively) (Figure 4A.B). A previous study
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Figure 4. Effects of UA on the ability of tube formation and wound-healing in HCECs. (A) An in vitro angiogenesis assay for HCECs was used with ECMatrix
gel. Representative photos for in vitro angiogenesis are shown. (B) The cells were stained with crystal violet, and the averages of the total area of complete
tubes formed by cells were compared by computer software. Data are mean + SEM; n=5 (x, p < 0.05 considered to be significant). (C) Wound-healing assay
for evaluating the effect of UA on HCECs migration. The HCECs migrating to the denuded area were counted on the basis of the black baseline. The HCECs
were cultured with 2.5 or 5 «M UA and 10 M SNAP for 24 h or pretreated with 10 .M L-NAME for 2 h followed by 5 .M UA before wound scraping using a pipet
tip. Photographs were taken after wound scraping for 18 h. (D) The cells that migrated into the denuded area were analyzed; the magnitude of HCECs
migration was evaluated by counting the migrated cells in six random clones under high-power microscope fields (x 100). Data are expressed as the mean +
SEM of three independent experiments and expressed as the percentage of control (x, p < 0.05 was considered to be significant). (E) HCECs were treated as
in (A). F-actin was stained with rhodamine—phalloidin, and the magnitude was evaluated using confocal microscope at 100 x fields. The visible parallel stress
fibers are indicated with a white arrow. The peripheral bands and cluster of F-actin are indicated with arrowheads. The disappeared individual stress fibers are
indicated with a double arrow. DAPI was used to identify the nuclei of THP-1 cells.

demonstrated that eNOS regulates angiogenesis associated with formation function in HCECs, whereas preincubation with the
oxidative stress in response to tissue ischemia (37). Incubation NOS inhibitor L-N®-nitro-L-arginine methyl ester (L-NAME) for
with a 10 uM concentration of the NO donor S-nitroso-N- 2 h decreased the effect of UA on tube formation. Treatment of

acetylpenicillamine (SNAP) for 24 h significantly increased tube cells with2.5uM UA, SuM UA, or 10 uM SNAP for 24 h induced
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their wound-healing/migratory abilities in a dose-dependent
manner (200.1 & 36.9, 258.4 + 28.4, or 290.9 &+ 24.1% of con-
trol, respectively). After treatment with L-NAME (10 uM) for
2 h, the migratory abilities of HCECs were significantly reduced
(109.3 + 12.4% of control) compared with the UA-treated group
(Figure 4C,D).

The cytoskeleton is a key component that allows cells to main-
tain proliferation and migration (32, 33). HCECs were treated
with UA for 24 h and were fixed and stained for F-actin using
phalloidin—rhodamine to study the effect of UA on cytoskeleton
organization. Figure 4E shows that nave HCECs presented with
a cobblestone pattern, and the distribution of F-actin was in a
crisscross pattern. However, treatment with either 2.5—5 uM UA
or 10 uM SNAP resulted in the presence of stress fibers that were
visible in a parallel pattern (white arrow) and that crossed the
cell from one side to the other. Additionally, HCECs displayed
peripheral bands and clusters of F-actin (arrowhead) in the
margin as well as the partial disappearance of individual stress
fibers (double arrow), indicating the redistribution of F-actin.
Pretreatment with L-NAME may reverse the effect of UA on
F-actin reorganization. These results suggest that UA might
effectively stimulate tube formation and migration of HCECs,
which mediate NOS activity and cytoskeleton reorganization.

UA is the major component of some traditional medicinale
herbs and is known to possess a wide range of biological functions
such as antioxidative, anti-inflammatory, and anticancer activ-
ities. In contrast to these beneficial properties, some laboratory
studies have recently revealed that the effects of UA on normal
cells and tissues are occasionally pro-inflammatory (34). On the
other hand, little information is available regarding the angio-
genic effect of UA. Sohn et al. first examined the antiangiogenic
activity of UA by using the chick embryo chorioallantoic mem-
brane assay. This group also tested for an inhibitory effect on the
proliferation of bovine aortic endothelial cells. On the basis of
their results, they speculated that the inhibitory effects of UA on
bovine aortic endothelial cell proliferation might be important for
antiangiogenesis (35). Cardenas et al. studied the effects of UA on
different key steps of angiogenesis and found that UA can inhibit
key steps of angiogenesis in vitro, including endothelial cell pro-
liferation, migration, and differentiation. At the same time, UA
appeared to stimulate other key steps of angiogenesis such as
extracellular matrix degradation by MMP-2 and urokinase (/7).
More recently, UA was found to inhibit tumor-associated capil-
lary formation in mice induced by highly metastatic melanoma
cells. Nontoxic concentrations of UA reduced vessel growth from
the rat aortic ring and inhibited proliferation, migration, and
invasion of ECs. Gelatin zymographic analysis showed that UA
had an inhibitory effect on the protein expression of matrix
metalloproteinases MMP-2 and MMP-9 (36). The above obser-
vations demonstrate the antiangiogenic activity of UA. In con-
trast, Kiran et al. reported the up-regulation of angiogenic modu-
lators in ECs treated with UA; however, low concentrations of
UA (<10 uM) had no effect on these modulators. The cells were
maintained in culture in serum-free, unstimulated conditions. The
changes in the angiogenic modulators correlated with the ability
of UA to influence angiogenesis. Treatment with UA at higher
concentrations promoted angiogenesis, which was evidenced by
tube formation of HUVECs and a greater extent of endothelial
sprouting in rat aortic rings, but no such effects were observed at
low concentrations. However, UA treatment of HUVECs and
aortic rings that were stimulated by maintenance in medium
supplemented with serum inhibited the angiogenic phenotype
(17). Our present study showed that UA enhances collateral
blood flow recovery by inducing neovascularization. Low con-
centrations (<5 uM) of UA increase the tube formation and
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migration capacities in human ECs. Interestingly, the in vitro
results indicate that low concentrations of UA increase HCEC
proliferation, whereas higher concentrations (=10 M) induce
cell cytotoxicity in ECs. Similarly, statins have proangiogenic
effects at low therapeutic concentrations but angiostatic effects at
high concentrations, suggesting that statins have a biphasic dose-
dependent effect on angiogenesis (37—39). Thus, UA might be
considered a double-edged sword, with both positive and negative
effects on angiogenesis. Further evaluation of the effects of UA
on the biological status of target cells or tissues is necessary.

UA Increases AIF-1 Expression through Phosphorylation of
eNOS in Vitro and Increases Capillary Density, eNOS, and AIF-1
Expression in Vivo. AIF-1 expression regulates endothelial cell
signal transduction, which mediates proliferation and vasculo-
genesis (23, 25). Treating HCECs with 1—5 uM UA for 12—24 h
may result in increased intracellular AIF-1 expression (Figure SA).
Additionally, previous studies suggest that vascular eNOS-derived
NO is a main factor in the maintenance of vascular physiol-
ogy (33, 40). We therefore investigated the effects of UA on the
NO system in HCECs. After 24 h of incubation, eNOS phosphor-
ylation at Ser''"” as determined by immunoblotting was signifi-
cantly increased in HCECs cultured in 1—5 uM UA-containing
medium compared to control conditions (Figure 5B). On the other
hand, phosphorylation of eNOS occurred in a time-dependent
manner in 5 uM UA-treated HCECs (Figure 5C). To explore the
involvement of vascular NO in AIF-1 expression, we treated
HCECs with a 10 uM concentration of the NO donor SNAP
for 24 h. The results indicate that intracellular AIF-1 expression is
regulated by the NO level. In contrast, co-incubation with a 10 uM
concentration of the NOS inhibitor L-NAME significantly atte-
nuated the UA-induced increase in AIF-1 expression in HCECs
(Figure 5D). Consistent with Western blot analysis, confocal
microscopy revealed that UA and SNAP incubation for 24 h
resulted in a marked accumulation of AIF-1, whereas treatment
with 10 uM L-NAME appeared to reverse this phenomenon
(Figure SE). These data indicate that UA may up-regulate AIF-1
expression by modulating NO-related mechanisms.

To extend our in vitro observations, we performed measure-
ments of eNOS and AIF-1 expression on histological sections
harvested from the ischemic hind limbs of mice. The number of
detectable capillaries (wWhite arrow) and level of eNOS expression
(arrowhead) from limb ischemia were significantly increased in
mice treated with UA at 2 and 5 mg/kg of BW compared to con-
trols (Figure 6A). These images indeed show that eNOS was
increased in the region of capillaries. We next examined whether
UA increased AIF-1 expression in the ischemic hind limb muscle
of mice. UA administration appeared to increase the expression
of AIF-1 in ischemic muscle compared to controls (Figure 6B).
These results indicate that UA treatment after hind limb ischemic
surgery, especially at a concentration of 5 mg/kg of BW, may
increase eNOS and AIF-1 expression in the muscle capillaries.

AIF-1 has been identified in chronic rejection of rat cardiac
allografts as well as tissue inflammation in various autoimmune
diseases. Kimura et al. first suggested that AIF-1 is closely asso-
ciated with the pathogenesis of rheumatoid arthritis, which is
characterized by massive synovial proliferation, angiogenesis, and
subintimal infiltration of inflammatory cells (4¢7). In addition, EC
migration and proliferation have an important role in numer-
ous physiological responses such as angiogenesis (23). AIF-1
protein expression has been detected in human arteries with
coronary artery vasculopathy and in neointimal cells in animal
models of various types of arterial injuries (22, 42). AIF-1 is
expressed in ECs of inflamed arteries and can be induced by soluble
stimuli in cultured ECs. Inducible AIF-1 expression in ECs suggests
an important role for this protein in EC activation, and abrogation
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Figure 5. UAincreased AlIF-1 expression mediating by phosphorylation of eNOS in HCECs. (A) HCECs were treated for 12—24 h with 1—5 M UA, and the
AIF-1 expression was analyzed by Western blot analysis. (B) HCECs were treated for 18 h with 1—5 M UA, and the eNOS activation (phosphorylation) was
analyzed by Western blot analysis. (C) HCECs were treated for 2—18 h with 5 uM UA, and the eNOS activation was analyzed by Western blot analysis.
(D) HCECs were treated for 24 h with 5 «M UA and 10 uM SNAP or pretreated with 10 «M L-NAME for 2 h prior to stimulation with UA for 24 h. AIF-1
production was analyzed by Westem blot analysis. 3-actin and total eNOS protein were used as loading controls. (E) HCECs were treated as in (D).
Intracellular AIF-1 production was analyzed by immunofluorescence, and the magnitude was evaluated using confocal microscope at 40 x fields. DAPI was

used to identify the nuclei of THP-1 cells.

of AIF-1 expression significantly inhibited EC proliferation and
migration (23). More recently, Jia et al. showed that stable intro-
duction of AIF-1 into HUVECs in vitro resulted in enhanced
proliferation and migration of ECs and promoted the Gy/G;- to
S-phase transition (24). Taken together, these findings suggest that
AIF-1 stimulates EC activation and angiogenesis and consequently
affects the progression of neovascularization in ischemia.

NO produced by eNOS represents a mechanism of vascular
protection. NO bioavailability is decreased in atherosclerosis due
to increased NO inactivation by reactive oxygen species and
reduced NO synthesis. Various types of vascular pathophysiolo-
gies are associated with oxidative stress that inactivate NO. In
addition, oxidative stress is likely the main cause for oxidation of
the essential NOS cofactor tetrahydrobiopterin (43). Aguirre-
Crespo et al. demonstrated that UA-mediated vascular relaxation
is endothelium dependent, probably due to NO release (44).
Recently, Steinkamp-Fenske et al. found that UA up-regulates
eNOS and also reduces NADPH oxidase expression in human

ECs through protein kinase C-independent mechanisms (8).
Additionally, UA significantly increased eNOS expression in
HUVECs and enhanced bioactive NO production. Interestingly,
UA has also been found to reduce the expression of the NADPH
oxidase subunit Nox4 and to suppress the production of reactive
oxygen species in human endothelial cells (§). Our paper further
shows that UA induces AIF-1 expression via a NO-related
mechanism and increases neovascularization. To the best of our
knowledge, this is the first study showing that UA increases
AIF-1 expression, mediating by phosphorylation of eNOS in
HCEGCs. On the other hand, because NO is generated by distinct
isoforms of NOS [eNOS, neuronal (nNOS), and inducible
(iNOS)], the role of iNOS (45) should also be studied in vascular
protection, and the possible role of iNOS in UA-induced vascu-
logenesis should be further investigated.

In conclusion, our results demonstrate that UA enhances the
recovery of capillary density through induction of neovascular-
ization in a hind limb ischemia mouse model. UA increases tube
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hindlimb ischemia
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Figure 6. eNOS expression combined with capillary density and AIF-1 expression in ischemic hind limb tissue evaluated by immunohistochemistry and
confocal microscopy at 40 fields. (A) Immunostaining of ischemic hind limb muscle with anti-CD31 conjugated Alex 633 (red) and anti-eNOS conjugated
Alex 488 (green) antibodies. The arrows indicate the endothelium, and the arrowhead indicates the eNOS in the hind limb muscle. (B) Immunostaining of
ischemic hind limb muscle with anti-AlF-1 conjugated Alex 488 (green) antibody. The arrows indicate the AIF-1 in the hind limb muscle.

formation and migration capacities in human ECs, and exposing
HCECs to UA resulted in increased AIF-1 expression through a NO-
related mechanism. Moreover, UA administration increased capil-
lary density and eNOS and AIF-1 expression in ischemic muscle.

In the present study, we demonstrated for the first time that the
triterpenoid compound UA enhances collateral blood flow re-
covery through induction of neovascularization in a hind limb
ischemia mouse model. The in vitro data show that UA increases
tube formation and migration capacities in human ECs and that
exposing HCECs to UA results in increased AIF-1 expression
through a NO-related mechanism. Moreover, UA administration
increases capillary density and eNOS and AIF-1 expression in
ischemic muscle. These findings suggest that UA may act as a
therapeutic agent in the induction of neovascularization and
provide a novel mechanistic insight into the potential effects of
UA on ischemic vascular diseases. Further investigation of the
regulation underlying UA-induced AIF-1 and the NO signaling
pathway may contribute to the development of a new clinical
strategy for ischemic vascular diseases.
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