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Ursolic acid inhibits colorectal cancer angiogenesis
through suppression of multiple signaling pathways
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Abstract. Angiogenesis plays a critical role in the develop-
ment of solid tumors by supplying nutrients and oxygen to
support continuous growth of tumor as well as providing an
avenue for hematogenous metastasis. Tumor angiogenesis is
highly regulated by multiple intracellular signaling transduc-
tion cascades such as Hedgehog, STAT3, Akt and p70S6K
pathways that are known to malfunction in many types of
cancer including colorectal cancer (CRC). Therefore, suppres-
sion of tumor angiogenesis through targeting these signaling
pathways has become a promising strategy for cancer chemo-
therapy. Ursolic acid (UA) is a major active compound present
in many medicinal herbs that have long been used in China
for the clinical treatment of various types of cancer. Although
previous studies have demonstrated an antitumor effect for
UA, the precise mechanisms of its anti-angiogenic activity are
not well understood. To further elucidate the mechanism(s)
of the tumorcidal activity of UA, using a CRC mouse xeno-
graft model, chick embryo chorioallantoic membrane (CAM)
model, the human colon carcinoma cell line HT-29 and human
umbilical vein endothelial cells (HUVECs:), in the present
study we evaluated the efficacy of UA against tumor growth
and angiogenesis in vivo and in vitro and investigated the under-
lying molecular mechanisms. We found that administration of
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UA significantly inhibited tumor volume but had no effect on
body weight changes in CRC mice, suggesting that UA can
suppress colon cancer growth in vivo without noticeable signs
of toxicity. In addition, UA treatment reduced intratumoral
microvessel density (MVD) in CRC mice, decreased the total
number of blood vessels in the CAM model, and dose and
time-dependently inhibited the proliferation, migration and
tube formation of HUVECs, demonstrating UA's antitumor
angiogenesis in vivo and in vitro. Moreover, UA treatment
inhibited the expression of critical angiogenic factors, such
as VEGF-A and bFGF. Furthermore, UA suppressed the
activation of sonic hedgehog (SHH), STAT3, Akt and p70S6K
pathways. Collectively, our findings suggest that inhibition
of tumor angiogenesis via suppression of multiple signaling
pathways might be one of the mechanisms whereby UA can be
effective in cancer treatment.

Introduction

Colorectal cancer (CRC) is one of the most common human
malignant cancers with over one million new cases and more
than a half million deaths around the world each year (1).
To date, chemotherapy remains one of the main therapeutic
approaches for advanced CRC; and 5-fluorouracil (5-FU)-based
regimens are considered as standard chemotherapeutics (2,3).
However, due to drug resistance and toxicity against normal
tissues, systemic chemotherapy using 5-FU-based regimens
produces objective response rates of <10-20% (2,4-6). These
problems limit the effectiveness of current CRC chemo-
therapy, highlighting the urgent need for the development of
novel antitumor agents.

Angiogenesis, a process involving the growth of new blood
vessels from the pre-existing vasculature (7,8), is essential in
various human biological processes including wound healing,
reproduction and embryonic development (9-11). However,
dyregulation of angiogenesis also plays a critical role in the
development of solid tumors, supplying nutrients and oxygen
to support continuous growth of tumor as well as providing
an avenue for hematogenous metastasis (11-13). Tumor angio-
genesis is highly regulated by multiple intracellular signaling
transduction cascades such as Hedgehog, signal transducer and
activator of transcription 3 (STAT3), Akt and p70S6 kinase
(p70S6K) pathways that are known to malfunction in many
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types of cancer. The Hedgehog (HH) signaling pathway is
important for embryonic development (14); its aberrant activa-
tion has been associated with many human cancers including
CRC (15-19). Mammals have three Hedgehog homologues
(Sonic Hedgehog, Indian Hedgehog and Desert Hedgehog), of
which Sonic Hedgehog (SHH) is the best studied. Activation
of HH signaling is initiated by binding of Hh to the trans-
membrane receptor Patched (Ptch). This results in the release
of Ptch-mediated suppression of Smoothened (Smo). Smo
subsequently activates the Gli family of transcription factors
that regulate the expression of various angiogenic mediators
promoting angiogenesis (20-23). STAT3 plays an essential role
in cell survival, proliferation and angiogenesis (24). After acti-
vation via phosphorylation, STAT3 proteins in the cytoplasm
dimerize and translocate to the nucleus where they regulate
the expression of critical genes involved in cancer progression.
Constitutive activation of STAT3 is strongly associated with
cancer development and commonly suggests a poor prognosis
(25,26). PI3K-dependent Akt pathway is essential for cell
proliferation and survival and has been shown to be activated
in several cancer types (27-29). After activation by extracel-
lular stimuli, PI3K is able to phosphorylate PI(4)P and PI(4,5)
P2 to generate PI(3,4)P2 and PI(3.4,5)P3, respectively. These
lipids serve as plasma membrane docking sites for proteins
containing pleckstrin-homology (PH) domains, such as Akt
and its upstream activator 3-phosphoinositide-dependent
protein kinase-1 (PDK1). The colocalization of PDK1 and
Akt in plasma membrane results in the phosphorylation
of Akt, which in turn activates mTOR (mammalian target
of rapamycin) leading to the phosphorylation/activation of
p70S6K. The Akt-mTOR-p70S6K signaling pathway is consid-
ered as a central regulatory pathway involved in the regulation
of cell proliferation, differentiation, survival and angiogenesis
(30-33). Therefore, inhibition of angiogenesis via modulation
of these signalings has become a major focus for anticancer
drug development.

Due to drug resistance and cytotoxicity of currently-
used chemotherapies, natural products, including traditional
Chinese medicine (TCM), have received great interest since
they have relatively few side-effects as compared to modern
chemotherapeutics and have been used for thousands of
years as important alternative remedies for various diseases
including cancer (34,35). Thus, identifying naturally occur-
ring agents is a promising approach for anticancer treatment.
Ursolic acid (UA), a pentacyclic triterpene acid, is a biologi-
cally active compound present in many traditional Chinese
medicinal herbs, such as Hedyotic diffusa, Spica prunellae,
Patrinia scabiosaefolia and Scutellaria barbata that have
long been used in China for the clinical treatment of CRC
(36-39). Previous studies report that UA exhibits a broad range
of pharmacological properties such as anti-inflammatory,
antiviral, antioxidant, hepatoprotective, cytotoxic, antitumor,
anti-angiogenesis, and anti-metastatic activities (40). Recent
studies have shown that UA inhibits the proliferation and
induces apoptosis and/inhibits proliferation of colon carcinoma
cells (13,41-43). In order to further elucidate the mechanism of
tumorcidal activity of UA, in the present study we evaluated
its effect on CRC growth and angiogenesis in vivo and in vitro,
and investigated the underlying molecular mechanisms of its
action.
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Materials and methods

Materials and reagents. Usolic acid (UA) was purchased from
Sigma-Aldrich Chemical (St. Louis, MO, USA). Matrigel
was provided by Becton-Dickinson (San Jose, CA, USA).
Roswell Park Memorial Institute medium-1640 (RPMI-1640),
Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), penicillin-streptomycin, trypsin-EDTA and
TRIzol reagent were purchased from Invitrogen (Carlsbad,
CA, USA). SuperScript II reverse transcriptase was obtained
from Promega (Madison, WI, USA). The In Vitro Angiogenesis
Assay kit was purchased from Millipore (Billerica, MA,
USA). Human VEGF-A and bFGF ELISA kits were obtained
from Shanghai Xitang Biological Technology Ltd. (Shanghai,
China). All antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). BCA Protein assay
kit was purchased from Tiangen Biotech (Beijing) Co., Ltd.
Bio-Plex phosphoprotein assay kits were purchased from
Bio-Rad (Hercules, CA, USA). All other chemicals, unless
otherwise stated, were obtained from Sigma-Aldrich (St.
Louis, MO, USA).

Cell culture. Human colon carcinoma HT-29 cells were
obtained from the Cell Bank of Chinese Academy of Sciences
(Shanghai, China). Human umbilical vein endothelial cells
(HUVECs) were purchased from Xiangya Cell Center,
University of Zhongnan (Hunan, China). HT-29 cells and
HUVECs were grown in DMEM and RPMI-1640, respec-
tively. Both DMEM and RPMI-1640 were supplemented with
10% (v/v) FBS, 100 U/ml penicillin, and 100 ug/ml strepto-
mycin. All cell lines were cultured at 37°C, 5% CO, and in a
humidified environment.

Animals. Male BALB/c athymic (nude) mice (with an initial
body weight of 20-22 g) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China) and housed
under pathogen-free conditions with controlled temperature
(22°C), humidity, and a 12-h light/dark cycle. Food and water
were given ad libitum throughout the experiment. All animal
treatments were performed strictly in accordance with interna-
tional ethical guidelines and the National Institutes of Health
Guide concerning the Care and Use of Laboratory Animals.
The experiments were approved by the Institutional Animal
Care and Use Committee of Fujian University of Traditional
Chinese Medicine.

Invivo nude mouse xenograft study. CRC xenograft mice were
produced with HT-29 cells. The cells were grown in culture
and then detached by trypsinization, washed, and resuspended
in serum-free DMEM. Resuspended cells (1.5x10%) mixed
with Matrigel (1:1) were subcutaneously injected into the right
flank of mice to initiate tumor growth. At 5 days following
xenograft implantation (tumor size ~3 mm in diameter), mice
were randomized into two groups (n=10) and treated with
UA (dissolved in PBS) 12.5 mg/kg or saline by daily intra-
peritoneal injection, 6 days a week for 16 days. Body weight
and tumor size were measured. Tumor size was determined
by measuring the major (L) and minor (W) diameter with a
caliper. The tumor volume was calculated according to the
following formula: tumor volume = 7/6 x L x W2, At the end
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of the experiment, the animals were anaesthetized with pell-
tobarbitalum natricum, and tumors were excised. A portion
of each tumor was fixed in 10% buffered formalin and the
remaining tissue snap-frozen in liquid nitrogen and stored at
-80°C.

Immunohistochemistical analysis of CRC tumor tissues. Six
tumors were randomly selected from UA-treatment or control
groups. Tumor tissues were fixed in 10% formaldehyde for
12 h, paraffin-embedded, sectioned and placed on slides. The
slides were subjected to antigen retrieval and endogenous
peroxidase activity was quenched with hydrogen peroxide.
Non-specific binding was blocked with normal serum in PBS
(0.1% Tween-20). Rabbit polyclonal antibodies against CD31,
SHH, Gli-1, VEGF-A and bFGF (all in 1:200 dilution, Santa
Cruz Biotechnology) were used to detect the relevant proteins.
The binding of the primary antibody was demonstrated with
a biotinylated secondary antibody, horseradish peroxidase
(HRP)-conjugated streptavidin (Dako) and diaminobenzidine
(DAB) as the chromogen. The tissues were counterstained
with diluted Harris hematoxylin. After staining, five high-
power fields (at magnification of x400) were randomly selected
in each slide. The proportion of positive cells in each field
was determined using the true color multi-functional cell
image analysis management system (Image-Pro Plus, Media
Cybernetics, USA). To control for non-specific staining, PBS
was used to replace the primary antibody as a negative control.

Chick chorioallantoic membrane (CAM) assay. A CAM
assay was performed to determine the in vivo anti-angiogenic
activity of UA. Briefly, 10 ul of UA (25 ug/ul) was loaded
onto a 0.5-cm diameter Whatman filter paper. The filter was
then applied to the CAM of a 7-day embryo. After incubation
for 72 h at 37°C, the region surrounding the filter was photo-
graphed with a digital camera. The number of blood vessels
was quantified manually in a circular perimeter surrounding
the implants, at a distance of 0.25 cm from the edge of the
filter. Assays were performed twice with a final total of 10 eggs
for each data point.

Cell viability evaluation by MTT assay. UA was dissolved in
DMSO and diluted to working concentrations with culture
medium. The final concentration of DMSO in the medium for
all cell-based experiments was 0.1% HUVECs were seeded
into 96-well plates at a density of 1.0x10* cells/well in 0.1 ml
medium and incubated at 37°C under a 5% CO, for 24 h.
The cells were treated with various concentrations of UA for
24 h or with 40 uM of UA for different periods of time.
Treatment with 0.1% DMSO was included as the vehicle
control. At the end of the treatment, 10 yl MTT [5 mg/ml
in phosphate buffered saline (PBS)] were added to each well,
and the samples were incubated for an additional 4 h at 37°C.
The purple-blue MTT formazan precipitate was dissolved in
100 x1 DMSO. Absorbance was measured at 570 nm using an
ELISA reader (BioTek, Model EXL800, USA).

Migration assay of HUVECs. Migration of HUVECs was
performed by the wound healing method. HUVECs were
seeded into 12-well plates at a density of 2x10° cells/well in
1 ml medium. After 24 h of incubation, cells were scraped
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away vertically in each well using a P100 pipette tip. Three
randomly selected views along the scraped line were photo-
graphed in each well using phase-contrast inverted microscopy
at a magnification of x100. Cells were treated with various
concentrations of UA for 24 h, and a second set of images were
taken using the same method. A reduction in the size of the
scraped region is indicative of cell migration.

Tube formation assay of HUVECs. HUVEC tube formation
was examined using the ECMatrix assay kit (Millipore)
following the manufacturer's instructions. Briefly, confluent
HUVECs were harvested and diluted (1x10* cells) in 50 pl
of medium containing various concentrations of UA. The
harvested cells were seeded with ECMatrix gel (1:1 v/v) into
96-well plates and incubated for 9 h at 37°C. The cells were
photographed using phase-contrast inverted microscopy at a
magnification of x100. The level of HUVEC tube formation
was quantified by calculating the length of the tubes in three
randomly chosen fields from each well.

RT-PCR. Total RNA was isolated from tumor tissues (three
tumors were randomly selected from UA-treatment or control
groups) or HT-29 cells with TRIzol reagent. Oligo(dT)-
primed RNA (1 ug, isolated from tumor tissues or cells) was
reverse-transcribed with SuperScript II reverse transcriptase
(Promega) according to the manufacturer's instructions. The
obtained cDNA was used to determine the level of VEGF-A,
bFGF, Shh and Gli-1 mRNA by PCR with Taqg DNA poly-
merase (Fermentas). GAPDH was used as an internal control.
Samples were analyzed by gel electrophoresis (1.5% agarose).
The DNA bands were examined using a gel documentation
system (Model Gel Doc 2000, Bio-Rad).

Western blot analysis. HT-29 cells (2.5x10°) in 5 ml medium
were seeded into 25 cm? flasks and treated with the indicated
concentrations of UA for 24 h. Treated cells were lysed in
mammalian cell lysis buffer (M-PER, Thermo Scientific,
Rockford, IL, USA) containing protease (EMD Biosciences)
and phosphatase inhibitor (Sigma-Aldrich) cocktails and
centrifuged at 14,000 x g for 15 min. Protein concentrations
in cell lysate supernatants were determined by BCA protein
assay. Equal amounts of protein from each tumor or cell lysate
were resolved on 12% Tris-glycine gels and transferred onto
PVDF membranes. The membranes were blocked for 2 h with
5% non-fat dry milk and incubated with the desired primary
antibody directed against Shh, Gli-1, or -actin (all in 1:1,000
dilutions) overnight at 4°C. Appropriate HRP-conjugated
secondary antibodies with chemiluminescence detection were
used to image the antibody-detected proteins.

Bio-Plex Phosphoprotein assay. Eight tumors were randomly
selected from UA-treatment or control groups and homog-
enized. For analysis of phosphorylation of Akt and p70S6K
in vitro, HT-29 cells (2.5x10%) were seeded into 25-cm? flasks
in 5 ml medium and treated with 40 uM of UA for 24 h. To
detect STAT3 phosphorylation in vitro, HT-29 cells were first
grown in complete DMEM (10% FBS) until ~70% confluency
and subsequently cultured in FBS-free medium overnight.
The medium was replaced with DMEM with 10% FBS and
cells were pre-treated with UA (40 yM) for 1 h followed by
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Figure 1. UA inhibits tumor growth in CRC xenograft mice. After tumor development, the mice were administered with 12.5 mg/kg of UA or saline daily
by intraperitoneal injection, 6 days a week for 16 days. Tumor volume (A) and body weight (B) were measured. Data are averages with SD (error bars) from

10 individual mice in each group. "P<0.01, versus controls.
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Figure 2. Effect of UA on angiogenesis in CRC xenograft mice and chick chorioallantoic membrane (CAM). (A) At the end of the study, tumor tissues were
processed for immunohistochemical (IHC) staining for CD31. The photographs are representative images taken at a magnification of x400. Quantification
of IHC assay was represented as percentage of positively-stained cells. Data shown are averages with SD (error bars) from 6 individual mice in each group.
(B) UA anti-angiogenesis on the angiogenesis of chick chorioallantoic membrane (CAM). A 0.5-cm diameter filter paper loaded with or without 0.25 mg of
UA was applied to the CAM and incubated at 37°C for 72 h. The number of blood vessels was quantified. Assays were performed twice, containing in total
10 eggs for each data point. Representative images are shown. Data are averages with SD (error bars) from 10 eggs in each group. ‘P<0.01, versus controls.

stimulation with 10 ng/ml of IL-6 for 15 min. Tumor tissues
and treated cells were lysed using a commercially available
lysis kit (Bio-Rad Laboratories) and centrifuged at 14,000 x g
for 15 min. Protein concentrations of the clarified superna-
tants were determined by BCA protein assay. The presence
of p-STAT3, p-Akt and p-p70S6K was detected using a
bead-based multiplex assay for phosphoproteins (Bio-Plex
Phosphoprotein assay, Bio-Rad Laboratories) according to the
manufacturer's protocol. Data were collected and analyzed
using the Bio-Plex 200 suspension array system (Bio-Rad).

Measurement of VEGF-A and bF GF protein expression in HT-29
cells by ELISA. HT-29 cells were seeded into 6-well plates at a
density of 2x10° cells/well in 2 ml medium and treated with the
indicated concentrations of UA for 24 h. The medium and cells
from each well were collected and stored at -80°C until analyzed.
The level of VEGF-A or bFGF in the media was measured using

an ELISA kit (Xitang Biological Technology Ltd.) according to
the manufacturer's instructions. The concentrations of VEGF-A
and bFGF were determined by comparison to serial dilutions of
VEGF-A and bFGF purified standards.

Statistical analysis. Data are presented as the mean + SD for
the indicated number of independently performed experi-
ments. The data were analyzed using the SPSS package for
Windows (Version 17.0). Statistical analysis was carried out
with Student's t-test and ANOVA. Differences with P<0.05
were considered to be statistically significant.

Results
UA inhibits tumor growth in colorectal cancer (CRC) xeno-

graft mice. The in vivo efficacy of UA against tumor growth
was evaluated by measuring tumor volume in CRC xenograft
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Figure 3. Effect of UA on angiogenesis in HUVECs. (A) Cells were treated with the indicated concentrations of UA for 24 h or with 40 uM of UA for the
indicated time periods. Cell viability was determined by the MTT assay. The data were normalized to the viability of control cells (100%, treated with
0.1% DMSO vehicle). Data are averages with SD (error bars) from three independent experiments. (B) After treated with indicated concentrations of UA for
24 h, the migration pattern of HUVECs was observed using phase-contrast microscopy. The photographs were taken at a magnification of x100. Images are
representative of three independent experiments. (C) HUVECs were harvested and diluted in medium containing various concentrations of UA. The harvested
cells were then seeded 1:1 in ECMatrix gel (v/v) coated plates and incubated for 9 h at 37°C. The network-like structures were examined by phase-contrast
microscopy. The photographs were taken at a magnification of x100. Images are representative of three independent experiments.

mice. As shown in Fig. 1, administration of UA significantly
inhibited tumor growth throughout the study, as compared
with the control group (P<0.05), whereas the body weight
gain in experimental animals was not affected by UA treat-
ment, suggesting that UA is potent in suppressing colon tumor
growth in vivo, without apparent adverse effects.

UA inhibits angiogenesis in vivo and in vitro. To determine
the effect of UA on tumor angiogenesis, we examined the
intratumoral microvessel density (MVD) in CRC mice by
evaluating expression of the endothelial cell-specific marker
CD3l. Data from immunohistochemical staining (IHC) assay
showed that the percentage of CD31-positive cells in control
or UA-treated mice was 36.0+4.8 or 25.0+2.8%, respectively
(Fig. 2A, P<0.01), demonstrating UA's inhibitory activity on
tumor angiogenesis. The in vivo anti-angiogenic activity of UA
was further confirmed using a chick chorioallantoic membrane
(CAM) model. As shown in Fig. 2B, UA treatment significantly

reduced the total number of blood vessels in chicken embryos
as compared to untreated controls (P<0.01).

The processes of angiogenesis include endothelial cell (EC)
proliferation, migration, and alignment into tubular structures.
To evaluate the anti-angiogenic effect of UA we modeled each
of these processes with HUVECS in vitro. As shown in Fig. 3A,
UA treatment dose- and time-dependently decreased the prolif-
eration (viability) of HUVECs compared to untreated control
cells (P<0.01). In addition, UA treatment inhibited HUVEC
migration after monolayer wounding (Fig. 3B). Moreover,
we examined the effect of UA on capillary tube formation of
HUVEC:s using an extracellular matrix, in which cultured ECs
rapidly align and form hollow tube-like structures. As shown in
Fig. 3C, untreated HUVECs formed elongated tube-like struc-
tures, whereas UA treatment resulted in a significant decrease
in capillary tube formation (P<0.01). Taken together, these data
suggested that UA-caused inhibition of colon tumor growth is
accompanied by its anti-angiogenic activity.
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Figure 4. Effect of UA on phosphorylation of STAT3, Akt and p70S6K in CRC xenograft mice and HT-29 cells. The phosphorylation levels of STAT3, Ak
and p70S6K in tumor tissues (A) and in HT-29 cells (B) were determined by Bio-Plex Phosphoprotein assay. The data were normalized to the phosphorylation
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Figure 5. Effect of UA on the activation of Shh pathway in CRC xenograft mice and HT-29 cells. (A) Protein expression of Shh and Gli-1 in tumor tissues
was determined by THC assay. Images are representative and quantification data are averages with SD (error bars) from 6 mice in each group. "P<0.01, versus
controls. (B) The protein expression levels of Shh and Gli-1 in HT-29 cells were determined by western blotting. 3-actin was used as the internal control. The
mRNA levels of Shh and Gli-1 in tumor tissues (C) or in HT-29 cells (D) were determined by RT-PCR. GAPDH was used as the internal control. Images of
western blotting and RT-PCR are representative of 3 mice in each group or three independent cell-based experiments.

UA suppresses multiple signaling pathways in vivo and in vitro.
To explore the underlying mechanisms of anti-angiogenic
activities of UA, we determined its effect on the activation of
several CRC-related signal transduction cascades. Activation
of STAT3, Akt and p70S6K is mediated by its phosphoryla-

tion, we therefore investigated the effect of UA on STAT3, Akt
and p70S6K activation in CRC xenograft tumor tissues and
HT-29 cells by Bio-Plex Phosphoprotein assay. We found after
UA treatment the phosphorylation level of STAT3, Akt and
p70S6K in both tumors (Fig. 4A) and HT-29 cells (Fig. 4B) was
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Figure 6. Effect of UA on the expression of VEGF-A and bFGF in CRC xenograft mice and HT-29 cells. (A) Protein expression of VEGF-A and bFGF
in tumor tissues was determined by IHC assay. Images are representative and quantification data are averages with SD (error bars) from 6 mice in each
group. ‘P<0.01, versus controls. The mRNA levels of VEGF-A and bFGF in tumor tissues (B) or in HT-29 cells (C) were determined by RT-PCR. GAPDH
was used as the internal control. Images are representative of 3 mice in each group or three independent cell-based experiments. (D) The secretion levels
of VEGF-A and bFGF in HT-29 cells were determined by ELISA. Data are averages with SD (error bars) from three independent experiments. "P<0.01,

versus controls.

decreased as compared to controls (P<0.01). The activation of
SHH pathway was evaluated by examining the expression of
the key mediators of SHH pathway in CRC xenograft tumors
and HT-29 cells. As shown in Fig. 5A, the percentage of cells
in the CRC xenograft tumors expressing SHH and Gli-1 in
the control group was 32.8+5.3 and 36.0+8.4%, respectively,
whereas the levels in UA-treated mice were 22.8+4.8 and
21.3+8.9%, respectively (P<0.01). Similarly, UA treatment
significantly reduced the protein expression of SHH and Gli-1
in HT-29 cells (Fig. 5B). Data from RT-PCR showed that the
pattern of mRNA expression was similar to their respective
protein levels (Fig. 5C and D). Collectively, these data suggest
that UA significantly suppresses the activation of multiple
signaling pathways mediating tumor angiogenesis.

UA inhibits the expression of VEGF-A and bFGF. VEGF-A
and bFGF are critical target gene of the above-mentioned
pathways (30,31,43,44). As most potent angiogenic stimula-
tors, VEGF-A and bFGF are commonly overexpressed in
many kinds of human cancer correlating with tumor progres-

sion and poorer prognosis (45-48). To further investigate
the mechanism whereby UA inhibited angiogenesis, we
determined its effect on VEGF-A and bFGF expression. Data
from RT-PCR, IHC and ELISA analyses indicated that UA
treatment profoundly decreased mRNA and protein levels of
VEGF-A and bFGF in both CRC xenograft tumor tissues and
HT-29 cells (Fig. 6).

Discussion

Due to its essential role in the growth, progression and metastasis
of solid tumors, angiogenesis has become an attractive target for
anticancer chemotherapy. A variety of anti-angiogenic agents is
currently in preclinical development, with some of them now
entering clinical trials. However, the administration of angio-
genesis inhibitors may cause cardiovascular complications,
including impaired wound healing, bleeding, hypertension,
proteinuria and thrombosis (45-48), due to their intrinsic
cytotoxicity against non-tumor associated endothelial cells. In
addition, since multiple signaling pathways are involved in the
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process of tumor angiogenesis, most currently-used angiogenic
inhibitors, which typically are designed to affect a single target,
may be insufficient and probably lead to resistance (49). These
problems highlight the urgent need for the development of multi-
target agents with minimal side effects and toxicity. Natural
products have received great interest since they have relatively
fewer side effects as compared to modern chemotherapeutics
and have been shown to display multiple therapeutic effects for
various diseases including cancer. Ursolic acid (UA), a major
active compound of many traditional Chinese medicinal herbs,
has been shown to possess anticancer activity. However, the
precise mechanism of its potential tumoricidal activity remains
largely unclear. Therefore, before UA can be further developed
as an anticancer agent, the mode of action for its antitumor
effects should be fully elucidated.

In the present study, using a CRC mouse xenograft model
we demonstrated that UA could inhibit cancer growth in vivo,
without apparent sign of toxicity. In addition, we found that
UA significantly reduced the intratumoral microvessel density
(MVD) in CRC xenograft mice and the total number of blood
vessels in chick chorioallantoic membrane, suggesting that that
UA-caused inhibition of colon tumor growth may be associ-
ated with its anti-angiogenic activity. Moreover, using human
umbilical vein endothelial cells (HUVEC), we found that
UA dose- and/or time-dependently inhibited several typical
features of angiogenic process, i.e. suppressing endothelial cell
proliferation, inhibiting migration and capillary tube formation
of endothelial cells, further demonstrating the anti-angiogenic
activity of UA.

Tumor angiogenesis is tightly regulated by multiple
signal transduction cascades including SHH, STAT3 and
Akt pathways. Activation of these signals upregulates the
expression of various angiogenic factors including VEGF-A
and bFGF which exert pro-angiogenic function via binding to
their specific receptors located on vascular endothelial cells
(36,50,51), eventually promoting angiogenesis. In this study
we found that UC treatment inhibited the activation of STAT?3,
Akt and SHH pathways both in vivo in CRC tumors and in vitro
in human colon carcinoma HT-29 cells since UA significantly
suppressed the phosphorylation of STAT3, Akt and p70S6K,
as well as the mRNA and protein expression of the key media-
tors of SHH signaling. Consistently, UA treatment profoundly
downregulated the expression of VEGF-A and bFGF in both
CRC tumors and HT-29 cells.

In conclusion, here we proposed that inhibition of tumor
angiogenesis via suppression of multiple signaling pathways
might be one of the mechanisms whereby UA can be effective
in cancer treatment.
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