
MOLECULAR MEDICINE REPORTS  13:  5276-5282,  20165276

Abstract. Angiogenesis is an essential process of cancer 
progression and is regulated by multiple intracellular signaling 
pathways, including signal transducer and activator of tran-
scription 3 (STAT3) and sonic hedgehog (SHH). Thus, these 
pathways have become a promising target for anti-cancer ther-
apeutic strategies. Oleanolic acid (OA) is an active compound 
present in various herbal medicines, which have been used 
historically for the clinical treatment of various types of human 
malignancies, including colorectal cancer (CRC). The present 
study used a CRC mouse xenograft model and human umbil-
ical vein endothelial cells (HUVECs) to evaluate the effect of 
OA on tumor angiogenesis and on the activation of the STAT3 
and SHH signaling pathways. It was determined that OA 
treatment significantly inhibited tumor growth and reduced 
intratumoral microvessel density (MVD) in CRC mice. In 
addition, OA treatment inhibited the proliferation, migration 
and tube formation in HUVECs, in a dose and time-dependent 
manner. Furthermore, OA markedly suppressed the activation 
of the STAT3 and SHH signaling pathways and inhibited the 

expression of the pro-angiogenic vascular endothelial growth 
factor A and basic fibroblast growth factor, two important 
target genes of the aforementioned signaling pathways. 
Therefore it is suggested that inhibition of tumor angiogen-
esis via the suppression of multiple signaling pathways may 
be one of the underlying mechanisms by which OA exerts its 
anti-cancer effect.

Introduction

Formation of new blood vessels via angiogenesis supports the 
continued growth of a solid tumor and promotes hematogenous 
metastasis, thus it is critical for cancer progression (1-5). The 
process of angiogenesis is mediated by multiple intracellular 
signaling pathways, including signal transducer and activator 
of transcription 3 (STAT3) and sonic hedgehog (SHH) trans-
duction cascades (6-15). Aberrant activation of these pathways 
promotes tumor angiogenesis by inducing the expression 
of various critical angiogenic stimulators (16-20), including 
vascular endothelial growth factor A (VEGF-A) and basic 
fibroblast growth factor (bFGF). Thus, inhibition of tumor 
angiogenesis via suppression of the STAT3 and SHH signaling 
pathways may be a promising strategy for future cancer thera-
peutic strategies.

Natural products, including traditional Chinese medicines, 
have been used as anti-tumor treatments in China for thousands 
of years. They provide an alternative therapeutic strategy for a 
variety of diseases and result in relatively few adverse effects 
when compared with modern chemotherapeutic agents (21-23). 
Oleanolic acid (3β-hydroxy-olea-12-en-28-oic acid, OA) is 
the principal active compound present in various traditional 
Chinese medicinal herbs (including Hedyotis diffusa and 
Patrinia scabiosaefolia) that have been used to clinically treat 
various types of human malignancies (24-27). Previous studies 
have reported that OA may suppress tumor growth via inhibi-
tion of proliferation and promotion of apoptosis of cancer 
cells (28-30). To further elucidate the underlying mechanism 
of anti-cancer activity, the present study used a colorectal 
cancer (CRC) mouse xenograft model and human umbilical 
vein endothelial cells (HUVECs) to evaluate the effect of OA 
on tumor angiogenesis and the activation of the STAT3 and 
SHH signaling pathways.
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Materials and methods

Materials and reagents. Oleanolic acid (OA) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Matrigel was 
provided by BD Biosciences (San Jose, CA, USA). Dulbecco's 
modified Eagle's medium (DMEM), RPMI 1640, fetal bovine 
serum (FBS), penicillin-streptomycin, trypsin-EDTA, and 
TRIzol reagent were purchased from Thermo Fisher Scientific, 
Inc. (Waltham, MA, USA). PrimeScript RT Reagent kit was 
purchased from Takara Bio, Inc. (Otsu, Japan). Goldview 
Nucleic Acid Gel Stain (cat. no. G8142) was purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, 
China). The In Vitro Angiogenesis assay kit was purchased 
from EMD Millipore (Billerica, MA, USA). BCA Protein 
assay kit was purchased from Tiangen Biotech Co., Ltd. 
(Beijing, China).

Cell culture. HT-29 human colon carcinoma 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 respectively cultured in DMEM or RPMI 1640, 
at 37˚C and 5% CO2 in a humidified environment. DMEM and 
RPMI 1640 were supplemented with 10% (v/v) FBS, 100 U/ml 
penicillin, and 100 µg/ml streptomycin.

In vivo nude mice xenograft study. A total of 20 six-week-old 
male BALB/c athymic (nude) mice (weight, 20-22 g) were 
obtained from Shanghai SLAC Laboratory Animal Co., Ltd. 
(Shanghai, China) and housed in a specific pathogen-free 
controlled environment (temperature, 22˚C; 12 h light/dark 
cycle) with ad libitum access to food and water. The HT-29 
xenograft mouse model was generated as previously 
described (25). Following xenograft implantation, mice 
were placed in two treatment groups (n=10) and treated 
with 12.5 mg/kg OA [dissolved in phosphate-buffered saline 
(PBS)] or saline by daily intraperitoneal injections, 6 days a 
week for 16 days. Body weight and tumor size were assessed. 
Tumor size was determined by measuring the major (L) and 
minor (W) tumor diameter with calipers. The tumor volume 
(T) was calculated according to the following formula: 
T = π /6x L x W2. At the end of the experiment, animals 
were sacrificed using pelltobarbitalum natricum overdose 
(Sigma-Aldrich), and tumors were excised. A portion of 
each tumor (0.125 cm3) was fixed in 10% buffered formalin 
(China National Medicines Corporation, Ltd., Beijing, China) 
and the remaining tissue was snap-frozen in liquid nitrogen 
and stored at ‑80˚C. All animal treatments were performed 
in accordance with international ethical guidelines and the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (31). The experiments were approved by 
the Institutional Animal Care and Use Committee of Fujian 
University of Traditional Chinese Medicine (Fuzhou, China).

Immunohistochemical analysis. Slides of paraffin‑embedded 
tumor tissue (n=8; 4 µm; RM2235; Leica Microsystems GmbH, 
Wetzlar, Germany) were randomly selected from OA-treated 
or control groups, and analyzed by immunohistochemistry as 
previously described (25). Samples were blocked using normal 

goat serum in PBS with 0.1% Tween 20 (Shanghai Sangon 
Biological Engineering Technology Co., Ltd., Shanghai, 
China), then incubated with rabbit polyclonal antibodies against 
cluster of differentiation (CD)31 (cat. no. 3528S; Cell Signaling 
Technology, Danvers, MA, USA), VEGF-A (cat. no. sc-7269; 
Santa Cruz Biotechnology, Inc.), bFGF (cat. no. 8910LC; Cell 
Signaling Technology), SHH (cat. no. sc-1194; Santa Cruz 
Biotechnology, Inc.) and GLI-Kruppel family member GLI1 
(Gli-1; cat. no. sc-6152; Santa Cruz Biotechnology, Inc.) (all 
1:200) were used to detect the relevant proteins by incubation 
overnight at 4˚C. Five fields (magnification, x400; DM4000; 
Leica Microsystems GmbH) were randomly selected from 
each slide and the proportion of positive cells in each field 
was determined using a true color multi-functional cell image 
analysis management system (Image-Pro Plus version 6.0; 
Media Cybernetics, Rockville, MD, USA). PBS served as a 
negative control by replacing the primary antibody.

Cell viability evaluation by MTT assay. HUVECs were 
seeded into 96-well plates at a density of 1x104 cells/well in 
0.1 ml RPMI 1640 and were incubated for 24 h at 37˚C. In 
order to test dose-dependent effects of OA, the cells were 
treated with 0, 25, 50 and 100 µM OA [dissolved in 0.1% 
dimethyl sulfoxide (DMSO); Sigma-Aldrich] for 24 h. In 
order to analyze time-dependent effects, with 40 µM of OA 
for 0, 1, 3, 6, 12, 8 and 24 h. At the end of the treatment, 
10 µl of 5 mg/ml MTT (Sigma-Aldrich) was added to each 
well, the samples were then incubated for an additional 4 h. 
The formazan precipitate was dissolved in 100 µl DMSO. 
Absorbance was measured at 570 nm using an single channel 
filter‑based absorbance reader (ELx800; BioTek Instruments, 
Inc., Winooski, VT, USA).

Migration assay of HUVECs. Investigation into the migra-
tion of HUVECs was performed using the wound healing 
method. HUVECs were seeded into 12-well plates at a 
density of 2x105 cells/well in 1 ml medium. After 24 h of 
incubation, cells were scraped away vertically in each well 
using a P100 pipette tip. Three randomly selected views 
along the scraped line were photographed in each well 
using phase‑contrast inverted microscopy at a magnifica-
tion of x100 (FMIL/DFC295; Leica Microsystems GmbH). 
Following treatments with OA at various concentrations for 
24 h, a second set of images was captured using the same 
method. The reduction in the size of the scraped region is 
indicative of cell migration.

Tube formation assay of HUVECs. Tube formation in 
HUVECs was investigated using the In Vitro Angiogenesis 
assay kit (ECMatrix assay kit; EMD Millipore) following the 
manufacturer's protocol. Confluent HUVECs were harvested 
and diluted (1x104 cells) in 50 ml RPMI 1640 containing 
various concentrations of OA. The harvested cells were 
seeded into 96-well plates with ECMatrix gel (1:1 v/v) and 
incubated for 9 h at 37˚C. The cells were photographed using 
phase‑contrast inverted microscopy at a magnification of x100 
(DMIL/DFC295; Leica Microsystems GmbH). The level of 
HUVEC tube formation was quantified by calculating the 
length of the tubes in three randomly selected fields from each 
well.
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Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA was isolated from tumor tissues (3 tumors were 
randomly selected from OA-treated or control groups) or 
HT-29 cells with TRIzol reagent. Oligo(dT)-primed RNA 
(1 µg, isolated from tumor tissues or cells) was reverse 
transcribed using the PrimeScript RT Reagent kit according 
to the manufacturer's protocol. Briefly, 1 µl gDNA Eraser 
was used to remove the genomic DNA following incubation 
with total RNA for 2 min at 42˚C. Then, the PrimeScript RT 
Enzyme Mix and RT Primer Mix were added to perform 
the reverse transcription, by incubation for 15 min at 37˚C. 
The obtained cDNA was used to determine the mRNA 
expression levels of VEGF-A, bFGF, SHH and Gli-1 by PCR 
with Taq polymerase (Fermentas; Thermo Fisher Scientific, 
Inc.). The primers used for amplification of VEGF-A, 
bFGF, SHH, Gli-1, and GAPDH transcripts were as follows: 
VEGF-A forward, 5'-CAT CCTGGCCTCGCTGTC-3' 
and reverse, 5'-CTCGCTCCAACCGACTGC-3'; bFGF 
forward, 5'-CGGCTGTACTGCAAAAACGG-3' and 
reverse, 5'-GATGTGAGGGTCGCTCTTCTCC-3'; SHH 
forward, 5'-CGGAGCGAGGAAGGGAAAG-3' and reverse, 
5'-TTGGGGATAAACTGCTTGTAGGC-3'; Gli-1 forward, 
5'-TCTGCCCCCATTGCCCACTTG-3' and reverse, 
5'-TACATAGCCCCCAGCCCATACCTC-3'; and GAPDH 
forward, 5'-GTCATCCATGACAACTTTGG-3' and reverse, 
5'-GAGCTTGACAAAGTGGTCGT-3'. The thermal cycling 
conditions were as follows: Denaturation at 95˚C for 30 sec, 
annealing at the appropriate temperature (VEGF-A and 
GAPDH at 58˚C, bFGF at 56˚C, and SHH and Gli‑1 at 54˚C) 
for 30 sec, and extension at 60˚C for 30 sec for 30 cycles. 
GAPDH was used as an internal control. A negative control 
with no DNA and an RT control with no reverse transcription 
were used as the experimental controls. The PCR was repeated 
in 3 independent times. A BIO-RAD S1000 Thermal Cycler 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used 
to perform the experiment. Samples were analyzed by 1.5% 
agarose gel electrophoresis. The DNA bands were examined 
using a gel documentation system (Gel Doc 2000; Bio-Rad 
Laboratories, Inc.).

Western blotting. Protein from tumor tissues (3 tumors were 
randomly selected from OA-treated or control groups) and 
HT-29 cells was extracted using radioimmunoprecipita-
tion assay protein extraction kit (Tiangen Biotech Co., Ltd.) 
containing protease and phosphatase inhibitor cocktails. For 
the interleukin (IL)-6 stimulation experiment, HT-29 cells 
were grown in complete DMEM (10% FBS) until ~70% 
confluency, then cultured in FBS-free medium overnight. 
In complete DMEM, cells were pre-treated with various 
concentrations of OA for 1 h followed by stimulation with 
10 ng/ml of IL-6 for 15 min. The concentration of proteins 
was determined using the BCA Protein Assay Reagent 
kit. Proteins (50 µg) were separated by 10% SDS‑PAGE 
and transferred onto polyvinylidene fluoride membranes. 
The membranes were blocked for 1 h with 5% nonfat milk 
and incubated with the relevant primary antibody against 
STAT3 (cat. no. 9132), CD31 (cat. no. 3528S), phosphorylated 
STAT3 (cat. no. 9131), β-actin (cat. no. 4967) (all purchased 
from Cell Signaling Technology), SHH (sc-1194), VEGF-A 
(cat. no. sc-7269) or Gli-1 (cat. no. sc-6152) (all purchased 

from Santa Cruz Biotechnology, Inc.) overnight at 4˚C (all in 
1:1,000 dilutions). β-actin served as an internal control. The 
horseradish peroxidase-conjugated goat anti-rabbit secondary 
antibody (1:2,000 dilution; cat. no. E030120-01; EarthOx Life 
Sciences, Millbrae, CA, USA) were added for 1 h at room 
temperature. The levels of protein expression were detected 
with Enhanced Chemiluminescence (Beyotime Institute of 
Biotechnology, Haimen, China) detection. The chemilumines-
cence signals were visualized using the SuperSignal West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.). 
Image Lab Software, version 3.0, was used for densitometric 
analysis of the western blotting (Bio-Rad Laboratories, Inc.).

Statistical analysis. Data were presented as mean ± stan-
dard deviation for the indicated number of independently 
performed experiments. The data were analyzed using SPSS 
(version 17.0; SPSS, Inc., Chicago, IL, USA). Statistical 
analysis was performed on the data using Student's t-test and 
analysis of variance and P<0.05 was considered to indicate a 
statistically significant difference.

Results

OA inhibits CRC angiogenesis. Tumor growth in CRC 
xenograft mice was evaluated by determining the volume of 
the tumor in the mice. As indicated by Fig. 1, OA treatment 
resulted in a significant reduction in tumor volume in CRC 
mice compared with the control (P<0.05), demonstrating the 
in vivo anti-tumor effect of OA. The in vivo tumor angiogen-
esis [intratumoral microvessel density (MVD)] was assessed 
by the expression of CD31, an endothelial cell‑specific marker, 
using immunohistochemical staining. As indicated by Fig. 2A, 
OA significantly reduced the percentage of CD31‑positive cells 
in CRC xenograft tumor tissues compared with the control 
(P<0.01), indicating its in vivo anti-angiogenic activity. The 
effect of OA on in vitro angiogenesis was also evaluated. As 
indicated by Fig. 2B‑D, OA treatment significantly decreased 
the proliferation (viability) compared with the control (P<0.01), 
and decreased migration and capillary tube formation of 
HUVECs in dose- and/or time-dependent manner.

Figure 1. OA inhibited tumor growth in colorectal cancer xenograft mice. 
Tumor volume was determined following OA treatment. Data are presented 
as the mean ± standard deviation from 10 individual mice from each group. 
*P<0.05 vs. control group. OA, oleanolic acid.
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Figure 2. OA inhibited tumor angiogenesis. (A) IHS for CD31 in tumor tissues. Quantification of IHS was represented as percentage of positively‑stained 
cells. Data are presented as the mean ± standard deviation from eight individual mice in each group. Magnification, x400. (B) Cell viability of HUVECs was 
determined by the MTT assay. The data were normalized to the viability of control cells (100%, treated with 0.1% dimethyl sulfoxide). Data are presented as 
the mean ± standard error from three independent experiments. (C) Migration pattern and (D) tube formation of HUVECs was observed using phase-contrast 
microscopy. Images were representative of three independent experiments. Magnification, x100. *P<0.01 vs. the control group. OA, oleanolic acid; IHS, 
immunohistochemical staining; CD, cluster of differentiation; HUVECs, human umbilical vein endothelial cells.
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OA suppresses STAT3 and SHH signalling pathways in vivo 
and in vitro. STAT3 activation was determined by western 
blotting using an antibody that targets STAT3 phosphoryla-
tion at Tyr705. As indicated by Fig. 3A and B, OA reduced 

IL-6-induced phosphorylation of STAT3 in HT-29 cells and 
in tumors of CRC xenograft mice. The expression levels 
of non-phosphorylated STAT3 remained unchanged. The 
activation of SHH pathway was investigated by examining 

Figure 3. OA suppressed the activation of STAT3 and SHH pathways. STAT3 phosphorylation in (A) HT-29 cells and in (B) tumor tissues was deter-
mined by western blotting. The mRNA expression levels of SHH and Gli-1 in (C) HT-29 cells and in (D) tumor tissues were determined by RT-PCR. 
Protein expression levels of SHH and Gli-1 in (E) HT-29 cells was determined by western blotting. β-actin and GAPDH served as internal controls 
for western blotting and RT-PCR, respectively. Images were representative of three individual mice in each group or three independent cell-based 
experiments. Protein expression levels of SHH and Gli-1 in (F) tumor tissues was determined by immunohistochemistry. Images were represen-
tative and quantification data are presented as the mean ± standard deviation from eight individual mice in each group. *P<0.01 vs. the control group. 
Magnification, 400. IL-6, interleukin-6; OA, oleanolic acid; RT-PCR, reverse transcription-polymerase chain reaction; p, phosphorylated; 
STAT3, signal transducer and activator of transcription 3; SHH, sonic hedgehog; Gli-1, GLI-Kruppel family member GLI1.
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the expression levels of the key mediators in CRC xenograft 
tumors and HT-29 cells. As indicated by Fig. 3C-F, OA 
treatment significantly reduced expression of SHH and Gli‑1 
in vitro and in vivo compared with the control (P<0.05), at the 
transcriptional and translational level.

OA inhibits the expression of VEGF‑A and bFGF. The mRNA 
expression levels of VEGF-A and bFGF were determined 
by RT-PCR analysis. As indicated by Fig. 4, OA treatment 
decreased VEGF-A and bFGF mRNA expression levels in 
CRC xenograft tumor tissues and in HT-29 cells.

Discussion

Colorectal cancer (CRC) is one of the most common human 
malignant cancers. There are over 1 million newly diagnosed 
cases of CRC worldwide per year and >500,000 cancer-asso-
ciated mortalities (32,33). Chemotherapy is the predominant 
non-surgical therapeutic strategy for patients with advanced 
CRC. The majority of patients undergoing chemotherapy expe-
rience severe and debilitating side effects, which may be lethal 
in certain cases and may considerably outweigh the benefits 
for the patient (34,35). In addition, long-term administration 
of the current chemotherapeutic agents often results in drug 
resistance (36). Thus, natural products may be an alternative as 
they produce fewer side effects and have been used extensively 
as viable alternative remedies for a variety of cancers (21-23). 
Various traditional Chinese medicinal herbs, including 
Hedyotic diffusa, Spica prunellae and Scutellaria barbata, have 
been used in clinical cancer treatment in China. OA is a bioac-
tive compound present in these herbs and has been indicated to 
exert anti-cancer effects. However, the underlying mechanisms 
for these anti-tumor effects remain to be elucidated.

The present study determined that OA may significantly 
reduce intratumoral MVD in tumor tissue compared with the 
control (P<0.01), possibly via its inhibitory effect on multiple 
critical processes of angiogenesis, including proliferation, 
migration and capillary tube formation of endothelial cells. 
Therefore, OA may be an effective anti-angiogenic treatment 
in vivo and in vitro. Induction of angiogenesis is mediated by 
a variety of molecules released by tumor cells. VEGF-A and 
bFGF are considered to be strong stimulators of angiogenesis. 

Overexpression of VEGF-A and bFGF has frequently been 
observed in various types of human cancer, which is associated 
with tumor progression (16‑20). Upon binding to their specific 
receptors, VEGF-A and bFGF exert their biological function 
and trigger tyrosine kinase signaling cascades, resulting in 
endothelial cell proliferation and migration, and eventually 
capillary tube formation. Using RT-PCR analysis, the present 
study determined that OA treatment reduced mRNA expres-
sion levels of VEGF-A and bFGF in vivo in the CRC xenograft 
tumor tissues and in vitro in HT-29 cells.

The expression of VEGF-A and bFGF is regulated by 
multiple signal transduction cascades, including STAT3 and 
SHH pathways. STAT3 is a transcription factor, which is 
essential for numerous cellular processes. Constitutive acti-
vation of STAT3 is often associated with the development 
of numerous types of cancer and frequently indicates a poor 
prognosis (6-10). SHH is an extensively investigated member 
of the Hedgehog family and its aberrant activation has been 
associated with numerous types of human cancer, including 
CRC (11-15). OA treatment inhibited STAT3 phosphorylation 
and the expression of various key mediators of SHH signaling 
in CRC tumors and in HT-29 cells, indicating its suppressive 
effects on the activation of the STAT3 and SHH signaling 
pathways.

In conclusion, the present study demonstrated that inhibi-
tion of tumor angiogenesis via suppression of multiple signaling 
pathways may be one of the mechanisms by which OA exerts its 
anti-cancer function.
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