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BACKGROUND AND PURPOSE
Angiogenesis contributes to coronary heart disease, immune disorders and numerous malignancies. VEGF-A and its receptors
(VEGFRs) play a pivotal role in regulating angiogenesis. In an effort to discover more effective inhibitors of tumour
angiogenesis, we have analysed the actions of a novel anthraquinone derivative, PPemd26, and explored its anti-angiogenic
mechanisms.

EXPERIMENTAL APPROACH
The effects of PPemd26 were evaluated in vitro using HUVEC cultures to assess proliferation, migration, invasion and tube
formation. Immunoblotting was used to analyse phosphorylation of signalling kinases. Effects in vivo were assayed using
Matrigel plug and xenograft mouse models.

KEY RESULTS
PPemd26 significantly inhibited VEGF-A-induced proliferation, migration, invasion and tube formation of HUVECs. PPemd26
also attenuated VEGF-A-induced microvessel sprouting from rat aortic rings ex vivo and suppressed formation of new blood
vessels in implanted Matrigel plugs in models of angiogenesis in vivo. In addition, PPemd26 inhibited VEGF-A-induced
phosphorylation of VEGFR2 and its downstream protein kinases including Akt, focal adhesion kinase, ERK and Src.
Furthermore, systemic administration of PPemd26 suppressed the growth of s.c. xenografts of human colon carcinoma in vivo.
Histochemical analysis of the xenografts revealed a marked reduction in stainingfor the vascular marker CD31 and
proliferation marker Ki-67.

CONCLUSIONS AND IMPLICATIONS
This study provides evidence that PPemd26 suppressed tumour angiogenesis through inhibiting VEGFR2 signalling pathways,
suggesting that PPemd26 is a potential drug candidate for developing anti-angiogenic agents for the treatment of cancer and
angiogenesis-related diseases.

Abbreviations
bFGF, basic fibroblast growth factor; FAK, focal adhesion kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PIM1, proviral integration site 1; PPemd26, 1,8-dihydroxy-4,5-dinitroanthraquinone
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Tables of Links

TARGETS LIGANDS

Akt (PKB) PIM1 kinase Sunitinib

ERK Src tyrosine kinase, VEGF-A

FAK, focal adhesion kinase VEGFR2, VEGF receptor

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b).

Introduction
Angiogenesis contributes to a variety of physiological pro-
cesses, and an imbalance in this process may contribute to
inflammatory and ischaemic disorders and to many malig-
nancies (Carmeliet and Jain, 2000; Dvorak, 2005). Tumour
blood vessel formation has been identified as fundamental to
tumour progression and metastasis and angiogenesis inhibi-
tion is an attractive therapeutic strategy against cancer
(Bergers and Benjamin, 2003; Cooney et al., 2006). Tumour
vasculature development is modulated by pro- and anti-
angiogenic factors (Mueller and Fusenig, 2004). Tumour cells
produce various factors to affect endothelial proliferation
resulting in angiogenesis in vivo, such as VEGF-A, basic fibro-
blast growth factor (bFGF) and angiopoietins (Ferrara and
Kerbel, 2005). Of these factors, research has focused on
VEGF-A and its receptor VEGFR2, the major mediator of the
angiogenic effects of VEGF-A (Ferrara et al., 2003; Carmeliet,
2005; Olsson et al., 2006).

VEGF-A binds to VEGFR2 resulting in its phosphorylation
and activation of downstream signalling molecules including
PI3K, focal adhesion kinase (FAK), ERK, Src and Akt (van der
Meel et al., 2011), which promote the growth, migration and
survival of endothelial cells in pre-existing vasculature. The
ERK pathway, which is activated by VEGF-A, has been impli-
cated in the activation of various transcription factors and
regulation of cell motility and survival (Wu et al., 2000).
Activation of Src downstream of VEGFR2 promoted cell pro-
liferation, migration and angiogenesis (Eliceiri et al., 1999).
Furthermore, activated FAK contributed to maintaining sur-
vival signals and controlling diverse aspects of cell migration,
including regulation of the cytoskeleton, and influences
structures of cell adhesion sites (Brunton and Frame, 2008).
There is increasing evidence that the proviral integration site
1 (PIM1) oncogene (which encodes for a serine/threonine
kinase) can be a therapeutic target for anti-cancer therapy
because PIM1 kinase expression is correlated with tumour
aggressiveness and is a marker for poor prognosis (Brault
et al., 2010). In addition, PIM1 plays a causal role in promot-
ing early transformation, cell proliferation and cell survival,
and it also has a role in VEGF-A/VEGFR2 signalling pathway
(Zippo et al., 2004). Therefore, VEGF-A and VEGFR2 have
been recognized as the most important targets for the anti-
angiogenesis therapy of cancers (Ferrara and Kerbel, 2005).

A variety of approaches to inhibit VEGF-A activation of
VEGFR2 are being assessed in clinical trials. These include

soluble receptors that sequester VEGF-A (Holash et al., 2002),
monoclonal antibodies targeting VEGF-A or VEGFR (Ferrara,
2004), and low MW compounds that inhibit receptor tyrosine
kinase activity (Noble et al., 2004). These inhibitors, including
bevacizumab, sunitinib and sorafenib, inhibit VEGF-A /
VEGFR signalling and have been approved by the FDA for
indication of specific types of cancers (Kamba and McDonald,
2007). Tumour growth and metastasis depend on tumour cell
proliferation and endothelial cell proliferation-mediated
angiogenesis. In addition to VEGFR, there are several receptor
tyrosine kinases involved in regulating cellular proliferation
and angiogenesis that have been reported to associate with
human malignancy. These receptor tyrosine kinases include
those of the receptors for FGF (Murakami et al., 2011) and for
EGF (Paez et al., 2004), and the rearranged during transfection
proto-oncogene (Hofstra et al., 1994; Couto et al., 2012),
along with VEGFR2, all mediating tumour angiogenesis, inva-
sion and metastasis (Gomez et al., 2011). Although inhibition
of VEGF-A / VEGFR2 signalling may suppress angiogenesis
and tumour progression, targeting only one receptor tyrosine
kinase may not be an effective therapy because of the com-
plexity of tumour angiogenesis and tumour progression. It is
likely that agents targeting more than one angiogenic mol-
ecule or receptor tyrosine kinase may be more effective in the
treatment of tumour angiogenesis and metastasis (Cao and
Liu, 2007). Many of the kinase inhibitors in clinical develop-
ment are thus designed to target several receptor tyrosine
kinases simultaneously in tumour cells and endothelial cells,
which may result in a higher efficacy in the treatment of
cancer. The clinically used compounds, sunitinib and
sorafenib, are also multi-targeted receptor tyrosine kinase
inhibitors (Jubb et al., 2006; Bowles et al., 2011).

Although low MW inhibitors of receptor tyrosine kinases
do exert beneficial effects as anti-angiogenesis and anti-
tumour agents, most of these inhibitors possess some adverse
effects such as bleeding complications (Je et al., 2009a; Elice
and Rodeghiero, 2010), thus prompting the need for
developing other VEGF-A / VEGFR signalling inhibitors with
lower toxicity. Emodin, a natural anthraquinone present
in plants, exhibited anti-tumour effects (Lee, 2001; Chen
et al., 2002) and aloe emodin, a hydroxyanthraquinone
found in Aloe vera, exhibited anti-tumour (Pecere et al., 2000)
and anti-angiogenic (Lu et al., 2010) effects. In an effort
to discover VEGF-A / VEGFR inhibitors, we evaluated a series
of anthraquinone derivatives and 1,8-dihydroxy-4,5-
dinitroanthraquinone (PPemd26; Fig 1) was selected from
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Figure 1
PPemd26 inhibits VEGF-A-induced proliferation of HUVECs. (A) After starvation, cells were pretreated with different PPemd compounds at 10 μM
followed by the stimulation with VEGF-A (25 ng·mL−1) for another 24 h. Cell viability was then determined by MTT assay. Each column represents
the mean ± SEM of three independent experiments performed in duplicate. (B) Chemical structure of PPemd 26. (C) After starvation, cells were
pretreated with indicated concentrations of PPemd26 or sunitinib followed by the stimulation with VEGF-A (25 ng·mL−1) for another 24 h. Cell
viability was then determined by MTT assay. Each column represents the mean ± SEM of at least three independent experiments performed in
duplicate. (D) HUVECs were treated as in (C), and cell proliferation was determined. Each column represents the mean ± SEM of five independent
experiments performed in duplicate. (E) HUVECs were treated as in (C), and cytotoxicity of PPemd26 was determined by LDH assay. Cells were
also treated with cell lysis buffer (total lysis, TL) to serve as positive control. *P < 0.05, significantly different from vehicle-treated group; #P < 0.05,
significantly different from VEGF alone.
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these compounds as displaying potent inhibition of VEGF-A/
VEGFR2 signalling in vitro. Here we have demonstrated
that PPemd26 exerted anti-angiogenic effects in VEGF-A-
stimulated HUVECs in vitro and in xenograft models in vivo.
Our results suggest that PPemd26 is a novel VEGFR2 inhibitor
with the potential to suppress tumour angiogenesis in vivo.

Methods

Preparation of PPemd26
1,8-Dihydroxyanthraquinone (2.4 g, 0.01 mol) was added to
concentrated sulfuric acid (4.0 mL) with stirring at room tem-
perature. A mixture of 2.0 mL concentrated nitric acid and
4.0 mL concentrated sulfuric acid was then added portionwise
to the solution. The reaction mixture was stirred at room
temperature for 2 h and then added to a large volume of water.
The solid was collected by filtration, washed with water until
acid-free then dried under reduced pressure to provide the
crude product (86.5% yield). Crystallization from ethanol
gives PPemd26. Yield: 2.4 g (72%). Physical properties data of
compound PPemd26, mp: 224°C (decomposed). MS (m/z): 330
(M+). 1H-NMR (DMSO-d6, 200 MHz) (p.p.m.): 7.44 (2H, d, J =
8.2 Hz, H-2,7), 8.06 (2H, d, J = 8.2 Hz, H-3,6). 13C NMR (DMSO-
d6, 50 MHz) (p.p.m.): 116.8(2C), 125.3(2C), 127.4(2C),
131.6(2C), 144.35, 141.3(2C), 162.7(2C), 179.5, 188.3(2C). Its
purity (>95%) was confirmed by 1H-NMR analysis.

Cell culture
Primary HUVECs, MDA-MB-231 and HCT116 cells were
obtained from the Bioresource Collection and Research
Center (Hsinchu, Taiwan). HUVECs were maintained in
M199 medium containing 20% FBS, 5 U·mL−1 heparin, 4 mM
L-glutamine, 100 U·mL−1 of penicillin G, 100 μg·mL−1 strepto-
mycin, and 30 μg·mL−1 endothelial cell growth supplements
in a humidified 37°C incubator. MDA-MB-231 and HCT116
cells were maintained in RPMI1640 medium containing 10%
FBS, 100 U·mL−1 of penicillin G, and 100 μg·mL−1 streptomy-
cin in a humidified 37°C incubator.

MTT assay
Cell viability was measured by the colorimetric MTT assay as
described previously (Huang et al., 2012).

Cell proliferation assay
Cell proliferation was analysed by bromodeoxyuridine (BrdU)
cell proliferation ELISA (Millipore, Billerica, MA, USA) as
described previously (Huang et al., 2012).

Wound-healing migration assay
After starvation in M199 medium containing 2% FBS for 16 h,
monolayers of HUVECs were wounded by scratching with
pipette tips and washed with PBS. Cells were then treated with
various concentrations of PPemd26 in the absence or presence
of VEGF-A (25 ng·mL−1) for another 24 h. Cells were fixed and
stained with 0.5% toluidine blue in 4% paraformaldehyde.
Cells were photographed using OLYMPUS Biological Micro-
scope digital camera (Yuan Li Instrument Co., Taipei, Taiwan)
and the rate of cell migration was determined by comparing

the sizes of scratch area as a percentage of the values obtained
with their respective controls at the beginning of the experi-
ment (time 0) using an Image J program (http://rsbweb.nih
.gov/ij/index.html).

Transwell invasion assay
Invasion assay was done using Transwell plate (Corning, NY,
USA) as described previously (Huang et al., 2012). Briefly, the
lower face was coated with 0.2% gelatin. The lower chambers
were filled with M199 medium containing 2% FBS in the
presence of VEGF-A (25 ng·mL−1). The upper chambers were
seeded with HUVECs in the presence of vehicle or various
concentrations of PPemd26. Cells were allowed to migrate for
16 h. Non-migrated cells were scraped with a cotton swab,
and migrated cells were fixed and stained with 0.5% toluidine
blue in 4% paraformaldehyde. The cells were photographed
and quantified by counting the number of stained cells in
three random fields at ×40 objectives under an inverted con-
trast phase microscope (Nikon, Tokyo, Japan).

Matrigel tube formation assay
Matrigel (BD Biosciences, San Jose, CA, USA) was polymerized
for 30 min at 37°C. HUVECs were seeded onto the Matrigel in
the presence or absence of VEGF-A (25 ng·mL−1). They were
then treated with PPemd26 at indicated concentrations. After
16 h, cells were photographed using OLYMPUS Biological
Microscope digital camera at 40× magnification.

Animals
All animal care and experimental protocols were approved by
the Laboratory Animal Use Committee of the College of
Medicine, National Taiwan University. Studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 61 animals were
used in the experiments described here.

Aortic ring sprouting assay
We used 8- to 10-week-old Sprague-Dawley rats (National
Laboratory Animal Center, Taipei, Taiwan) as previously
described (Huang et al., 2012). Briefly, the aortic arch was
dissected and, after removing the surrounding fibro-adipose
tissues and thorough rinsing with M199 medium, the aorta
was cut into 1 mm ring segments. The aortic rings were
immersed in Matrigel. VEGF-A (25 ng·mL−1), with or without
PPemd26, was then added. Growing sprouts of endothelial
cells were observed and photographed on day 8. The images
were transferred to a computer, using an OLYMPUS Biological
Microscope, and the sprouting area was determined on the
computer-digitized images with Image-Pro Plus software
(Media Cybernetics, Inc., Rockville, MD, USA). The sprouting
area was assessed by an observer who was unaware of the
treatment group.

Immunoblot analysis
Immunoblot analyses were performed as described previously
(Huang et al., 2012). Briefly, cells were lysed in buffer con-
taining 15 mM Tris (pH 7.0), 50 mM NaCl, 1 mM PMSF,
5 mM DTT, 1% Triton X-100, 0.05 mM pepstatin A and
0.2 mM leupeptin. Samples of equal amounts of protein were
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subjected to SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane which was then incubated in a tris-
buffered saline and tween 20 buffer containing 5% BSA.
Proteins were visualized by specific primary antibodies and
then incubated with HRP-conjugated secondary antibodies.
Immunoreactivity was detected using chemiluminescence
(enhanced chemiluminescence) detection system following
the manufacturer’s instructions. The blot images were quan-
titated by densitometry using the Image Quant analysis soft-
ware (GE Healthcare, Little Chalfont, UK) and normalized
with the internal control (α-tubulin).

VEGF-A binding analysis
VEGF binding analysis was performed using human VEGF-A
biotinylated Fluorokine Kit (R&D Systems). Briefly, HUVECs
were deattached using Accutase™ cell detachment solution
(BD Biosciences). Cells were washed with PBS, and incubated
with biotinylated recombinant VEGF-A or negative control
reagent (biotinylated soybean trypsin inhibitor) in the
absence or presence of PPemd26 for 1 h. Cells were incubated
subsequently with avidin-conjugated fluorescein for another
30 min. Cells were washed with PBS and fluorescence of
labelled cells was determined using flow cytometer (FACScan;
BD Biosciences, San Jose, CA, USA) and analysed with
CellQuest software (BD Biosciences).

PIM1 kinase activity assay
In vitro PIM1 kinase assay is based on the ability of recombi-
nant PIM1, in the presence of vehicle or PPemd26, to phos-
phorylate its substrate S6 kinase/Rsk2 substrate peptide 2,
using [γ-32P]-ATP. The [32P]-phosphorylated Rsk2 substrate
peptide 2 was then separated from the residual [γ-32P]-ATP
using P81 phosphocellulose paper and quantitated by a scin-
tillation counter after three washes with 0.75% phosphoric
acid.

Matrigel plug assay
VEGF-A-induced angiogenesis. Matrigel plug assay was
performed as described previously (Huang et al., 2012).
An aliquot (500 μL) of Matrigel containing VEGF-A
(200 ng·mL−1) with heparin (20 U) was injected s.c. into the
dorsal region of 6- to 8-week-old C57BL/6 mice (National
Laboratory Animal Center). PPemd26 (1 or 2 mg·kg−1 per day)
was then administered i.p. once a day. After 7 days, the
animals were killed, the intact Matrigel plugs were carefully
removed, and haemoglobin content in the plugs was deter-
mined with Drabkin’s reagent kit (Sigma-Aldrich, St. Louis,
MO, USA), according to the manufacturer’s instructions.

Tumour-induced angiogenesis. MDA-MB-231 breast cancer cells
(5 × 106 cells) were mixed with Matrigel and injected into
both flanks of male SCID mice (20–25 g; National Laboratory
Animal Center), as described previously (Lu et al., 2010). For
PPemd26-treated group, Matrigel was mixed with cells in the
presence of PPemd26 (3 or 10 μM) and heparin (20 U).
Matrigel mixed with medium alone (500 μL) was used as a
negative control. Ten days after implantation, Matrigel plugs
were removed and the surrounding tissues were trimmed.
Haemoglobin levels of the Matrigel plugs were evaluated
with Drabkin’s reagent kit according to the manufacturer’s
instructions.

Mouse xenograft model
Four-week-old male BALB/cA nude mice were obtained from
the National Laboratory Animal Center and housed in clean
specific pathogen-free rooms. HCT116 cells (4 × 106 cells) in a
volume of 0.2 mL PBS were injected subcutaneously into the
right flank of each mouse. Once the tumour reached approxi-
mately 100 mm3, animals were randomized into the control
group and the PPemd26 treatment groups. The treatment was
administered i.p. once daily for 28 days. Tumours were meas-
ured every 2 days by a digital caliper. Tumour volume was
calculated using the formula: V (mm3) = [ab2] × 0.52, where a is
the length and b is the width of the tumour (Lin et al., 2008).

Tail bleeding time analysis
At the end of the treatment (28 days), mice were anaesthetized
with pentobarbital (50 mg kg−1) with body temperature main-
tained at 37°C on a thermo-controlled pad. Tail was transected
2 mm from the tail tip using a sterile scalpel. After transection,
the bleeding tail stump was immediately immersed in normal
saline and the time to stop bleeding was measured. The tail
bleeding time was defined as the time point at which all visible
signs of bleeding from the incision stopped. Then the mice
were killed and tumours were removed and weighed.

Immunohistochemical analysis
Multiple cryosections were obtained from HCT116 tumour
xenografts for all immunohistochemical analyses. CD31+

vessel area was assessed using rabbit anti-mouse CD31/
PECAM-1 antibody (Abcam, Cambridge, MA, USA) and
peroxidase-conjugated goat anti-rabbit IgG (The Jackson Labo-
ratory, Sacramento, CA, USA) as described previously (Lang
et al., 2008). Antibody binding was visualized using stable
diaminobenzidine. Images were obtained in four different
quadrants of each tumour section (2 mm inside the tumour-
normal tissue interface) at ×40 magnification. Measurement of
vessel area of CD31-stained vessels was done as described
previously (Zhang et al., 2011). The frozen sections were also
used to determine the proliferative cells with an anti-Ki67
antibody (Novus Biologicals, Littleton, CO, USA). The
paraffin-embedded sections of heart, liver, spleen, lung and
kidney were also stained with haematoxylin and eosin.

Data analysis
Results are presented as the mean ± SEM from at least three
independent experiments. One-way ANOVA was followed by
the Newman–Keuls test, when appropriate, to determine the
statistical significance of the difference between means. A P
value of <0.05 was considered statistically significant.

Materials
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and toluidine blue O were purchased from Sigma
(St. Louis, MO, USA). Medium 199 (M199), RPMI medium
1640, FBS and all cell-cultured reagents were purchased from
Invitrogen (Carlsbad, CA, USA). Sunitinib was purchased from
Selleckchem (Houston, TX, USA). Antibody against phospho-
c-Src Tyr216, anti-mouse and anti-rabbit IgG-conjugated per-
oxidase antibodies, and rabbit polyclonal antibodies specific
for α-tubulin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against phospho-VEGFR2

BJP S W Huang et al.

5732 British Journal of Pharmacology (2014) 171 5728–5742



Tyr1175, phospho-ERK1/2 Tyr204, phospho-Akt Ser473 and
phospho-FAK Tyr397 were purchased from Cell Signaling
(Danvers, MA, USA). The enhanced chemiluminescence
detection kit was from GE Healthcare (Little Chalfont, UK).
Recombinant human VEGF-A was purchased from R&D
Systems (Minneapolis, MN, USA). All materials for immuno-
blotting were purchased from Bio-Rad (Hercules, CA, USA). All
other chemicals were obtained from Sigma.

Results

PPemd26 inhibits VEGF-induced cell
proliferation of HUVECs
To assess the anti-angiogenic activity of these anthraquinone
derivatives, PPemd compounds, we evaluated the inhibitory
effects of 25 PPemd compounds on VEGF-A-induced cell
viability of HUVECs, using a fixed concentration of 10 μM. As
shown in Figure 1A, only PPemd13, 17, 20, 22 and 26 signifi-
cantly decreased cell viability in HUVECs exposed to VEGF-A,
as determined by MTT assay. As PPemd26 (Figure 1B) induced
the most marked loss of viability in the HUVECs, we inves-
tigated further the mechanisms underlying its inhibitory
effects.

PPemd26 concentration-dependently decreased cell
viability in HUVECs exposed to VEGF-A, as determined by
MTT assay. In addition, sunitinib, a clinically used low MW
inhibitor of VEGFR2 signalling, also decreased cell viability in
the same VEGF-A-stimulated HUVEC cultures (Figure 1C). To
determine if the action of PPemd26 and sunitinib in decreas-
ing HUVEC viability could be attributed to the inhibition of
cell proliferation, cells were starved for 16 h before being
subjected to BrdU labelling analysis. Figure 1D shows that the
percentage of BrdU-labelled cells significantly increased after
a 24 h VEGF-A treatment, compared with the vehicle-treated
group. Under these conditions, PPemd26 or sunitinib signifi-
cantly inhibited cell proliferation in a concentration-
dependent manner (Figure 1D). However, treatment of the
cells with PPemd26 for 24 h did not increase LDH release
(Figure 1E). These results suggested that PPemd26 may exert
anti-proliferative activity, without causing cytolysis in
HUVECs.

PPemd26 inhibits VEGF-A-induced cell
migration, invasion and tube formation
Endothelial cell migration and tube formation is essential for
blood vessel formation in angiogenesis. To assess the anti-
angiogenic action of PPemd26 in vitro, we investigated its
inhibitory effects on the chemotactic motility of endothelial
cells using wound-healing migration and Transwell invasion
assay. Results from Figure 2A demonstrated that PPemd26
significantly inhibited VEGF-A-induced wound-healing in
HUVEC monolayers and also suppressed VEGF-A-induced cell
invasion (Figure 2B). In addition, a two-dimensional Matrigel
tube formation assay was then employed to assess the effects
of PPemd26 on tube formation by HUVECs. When HUVECs
are seeded on the surface of Matrigel, they become elongated
and form capillary-like structures within 16 h, in the vehicle-
treated group. Exposure to VEGF-A significantly increased
this tube formation (capillary-like network). However, treat-

ment with PPemd26 concentration-dependently attenuated
the formation of the capillary-like network by HUVECs
(Figure 2C). Similarly, sunitinib also suppressed VEGF-A-
induced cell invasion (Figure 3A) and the formation of
capillary-like networks (Figure 3B).

PPemd26 inhibits VEGF- or tumour-induced
neovascularization
Next, we used a rat aortic ring microvessel sprouting assay to
assess the effects of PPemd26 on VEGF-A-induced angiogen-
esis ex vivo. As shown in Figure 4A, VEGF-A significantly
triggered microvessel sprouting, leading to the formation of a
complex network of microvessels around the aortic rings.
Treatment with PPemd26 significantly suppressed this VEGF-
A-induced microvessel sprouting. We then used the mouse
Matrigel plug angiogenesis model to determine whether sys-
temic administration of PPemd26 could exert anti-angiogenic
effects. As shown in Figure 4B, a significant microvessel for-
mation was observed in VEGF-A-supplemented Matrigel
plugs. The pale colour of the plugs removed from the mice
treated i.p. with PPemd26, indicated that VEGF-A induced
less neovascularization over a 7 day period (Figure 4B, upper
panel). The level of angiogenesis was quantified by determin-
ing the haemoglobin content of the plugs. A marked reduc-
tion in neovascularization was shown in plugs from
PPemd26-treated mice, compared with those from vehicle-
treated control mice (Figure 4B, lower panel). These data indi-
cate that systemic administration of PPemd26 significantly
suppressed angiogenesis.

To further investigate whether PPemd26 inhibited
tumour-induced angiogenesis, a xenograft tumour-induced
angiogenesis model was employed. Human breast cancer cells
(MDA-MB-231) were mixed with Matrigel and injected into
the flanks of SCID mice. Gel plugs were harvested 10 days after
implantation. MDA-MB-231 cells induced a marked forma-
tion of new blood vessels in the plug (Figure 4C, upper panel).
However, blood vessel formation induced by MDA-MB-231
cells was significantly reduced in the presence of PPemd26
(Figure 4C, upper panel). We also quantified the level of
angiogenesis by determining the haemoglobin content of the
plugs and found that PPemd26 suppressed tumour cell-
induced angiogenesis in vivo (Figure 4C, lower panel).

PPemd26 inhibits VEGFR2
signalling pathway
To investigate whether PPemd26 inhibits VEGF-A-induced
VEGFR2 signalling, we examined the phosphorylation status
of the essential protein kinases involved in the VEGFR2 sig-
nalling cascade. As shown in Figure 5A, PPemd26 concentra-
tion dependently suppressed VEGFR2 phosphorylation.
PPemd26 also suppressed the phosphorylation of Akt
(Figure 5B), ERK1/2 (Figure 5C), FAK (Figure 5D) and Src
(Figure 5E) in VEGF-A-stimulated HUVECs. We next deter-
mined whether PPemd26 affects VEGF-A binding to VEGFR
in HUVECs. As shown in Figure 5F, PPemd26 inhibited
VEGF-A binding to VEGFR in HUVECs as determined by flow
cytometric analysis. In addition, we recently demonstrated
that PPemd26 also inhibited the activation of FGFR and the
subsequent angiogenic actions of bFGF (Supporting Informa-
tion Fig. S1). Furthermore, another pro-proliferative kinase
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Figure 2
PPemd 26 inhibits VEGF-A-induced migration, invasion and tube formation in HUVECs. (A) After starvation, cell monolayers were scratched and
treated with vehicle or indicated concentrations of PPemd26 in the presence of VEGF-A for another 24 h. The rate of cell migration into the scratch
was then determined. (B) Cells were starved and seeded in the absence or presence of PPemd26 using VEGF-A as the chemoattractant. After 16 h,
invading cells were stained and quantified. (C) HUVECs were seeded on Matrigel in the presence of VEGF-A with or without PPemd26 at indicated
concentrations. Cells were photographed under phase contrast after 16 h. Bar graphs show compiled data of average rate of cell migration (A)
(n = 4), invading cell numbers (B) (n = 3), and average sprout arch numbers (C) (n = 8). *P < 0.05, significantly different from the control group;
#P < 0.05, significantly different from VEGF-A alone.
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PIM1, also contributes to VEGF-A-induced proliferation and
migration (Zippo et al., 2004). PIM1 is over-expressed in
several types of cancers (Alizadeh et al., 2000; Valdman et al.,
2004). Several studies also suggest that PIM1 inhibition
might be beneficial for cancer treatment (Amaravadi and
Thompson, 2005). We therefore assessed the effects of
PPemd26 on PIM1 kinase activity, using an in vitro kinase
assay. As shown in Figure 5G, PPemd26 concentration-
dependently suppressed PIM1 kinase activity with an IC50

value of approximately 1 μM. These results suggest that
PPemd26 may exhibit its anti-angiogenic activity not only by
targeting VEGF/VEGFR2-mediated signalling cascade, but
also by directly inhibiting PIM1 kinase activity.

PPemd26 suppressed colorectal tumour
growth in a mouse xenograft model
We next investigated the effect of PPemd26 on tumour
growth using a mouse xenograft colorectal tumour model. As
shown in Figure 6A, mice had a smaller tumour volume after

i.p. administration of PPemd26 (2 or 10 mg·kg−1 per day) for
28 days. PPemd26 (2 or 10 mg·kg−1 per day), which indicated
reduced tumour growth, as shown in Figure 6B. The tumour
weights, measured at the end of the experiment, in the
PPemd26-treated group were also markedly reduced, com-
pared with that of the vehicle-treated control group
(Figure 6C). To further investigate whether PPemd26 inhibits
tumour angiogenesis, we used an anti-CD31 antibody to stain
sections of the solid tumours. As shown in Figure 6D, the
tumour blood vessels in PPemd26-treated tumours were
clearly fewer than in the sections from the control group. In
addition, the numbers of proliferative cells in the solid
tumour sections, as determined by the Ki67 staining, were
also reduced in PPemd26-treated tumours (Figure 6D). These
results indicate that PPemd26 inhibits tumour growth
through, at least in part, suppressing cell proliferation and
tumour angiogenesis. In addition, sunitinib was shown to
inhibit collagen-induced platelet aggregation while PPemd26
did not (Supporting Information Fig. S2).

Figure 3
Sunitinib inhibits VEGF-A-induced invasion and tube formation in HUVECs. (A) Cells were starved and seeded in the absence or presence of
sunitinib using VEGF-A as the chemoattractant. After 16 h, invading cells were stained and quantified. (B) HUVECs were seeded on Matrigel in the
presence of VEGF-A with or without sunitinib at indicated concentrations. Cells were photographed under phase contrast after 16 h. Bar graphs
show compiled data of average rate of invading cell numbers (A) (n = 4) and average sprout arch numbers (B) (n = 4). *P < 0.05, significantly
different from the control group; #P < 0.05, significantly different from VEGF-A alone.
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We also determined whether PPemd26 affected the blood
clotting system, using the tail bleeding time assay. As shown
in Figure 6E, PPemd26 did not alter tail bleeding time as
compared with the vehicle-treated group. In contrast, suni-
tinib, a clinically used multi-targeted receptor tyrosine
kinase inhibitor, significantly increased tail bleeding time
(Figure 6E). No significant differences in body weights were
found among the control and PPemd26-treated groups
throughout the whole experiment (Figure 6F). Furthermore,

few pathohistological changes in lung, liver, kidney, heart
and spleen were detected on microscopic examination
(Figure 6G). In addition to angiogenesis, tumour progression
is also attributable to tumour cell proliferation. We therefore
used the MTT assay to determine whether PPemd26 affects
HCT116 cell proliferation. Cells were starved with serum-free
medium for 24 h, and then incubated in serum (10% FBS)
containing medium in the absence or presence of PPemd26
for another 24 h. As shown in Figure 6H, treatment of cells

Figure 4
PPemd 26 inhibits VEGF-A- or tumour-induced neovascularization. (A) Rat aortic rings were treated with various concentrations of PPemd26 in the
presence or absence of VEGF-A (25 ng·mL−1). The formation of vessel sprouts from aortic rings was examined on day 8. Bar graphs show compiled
data of average microvessel area (n = 7). *P < 0.05, significantly different from the control group; #P < 0.05, significantly different from VEGF-A
alone. (B) Matrigel containing VEGF-A and heparin was subcutaneously injected into C57BL/6 mice. Vehicle and PPemd 26 (1 or 2 mg·kg−1 per
day) was injected i.p. . Haemoglobin levels in the Matrigel plug were quantified 7 days after implantation and shown in the lower panel of the
chart. Each column represents the mean ± SEM of six independent experiments. *P < 0.05, significantly different from vehicle-treated group. (C)
MDA-MB-231 cells were mixed with Matrigel in the presence or absence of PPemd26 at indicated concentrations and injected into both flank sites
of male SCID mice. Haemoglobin levels in the Matrigel plug were quantified 10 days after implantation. Each column represents the mean ± SEM
of six independent experiments. *P < 0.05, significantly different from vehicle-treated group.
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Figure 5
PPemd 26 inhibits VEGFR2-mediated signalling. Cells were pretreated with indicated concentrations of PPemd26 for 30 min, followed by the
addition of VEGF-A (25 ng·mL−1) for another 5 min (A) or 30 min (B–E). Phosphorylation status of VEGFR2 (A), Akt (B), ERK1/2 (C), FAK (D) and
Src (E) was determined by immunoblotting. Bar graphs represent the mean ± SEM of at least four independent experiments. *P < 0.05, compared
with the vehicle-treated control group; #P < 0.05, significantly different from VEGF-A alone. (F) Cells were detached, suspended in PBS, and treated
with biotin control or biotin VEGF-A in the absence or presence of PPemd26. Cells were then treated with avidin-fluorescein and the fluorescence
derived from biotin VEGF-A-stained cells was measured by flow cytometric analysis. Results shown are representative of four independent
experiments. (G) Effects of PPemd26 on PIM1 kinase activity were determined by in vitro kinase assay.

BJPPPemd26, a novel angiogenesis inhibitor

British Journal of Pharmacology (2014) 171 5728–5742 5737



BJP S W Huang et al.

5738 British Journal of Pharmacology (2014) 171 5728–5742



with PPemd26 significantly decreased serum-induced
HCT116 colorectal cancer cell proliferation. However,
VEGFR2 expression was almost undetectable in HCT116
(Supporting Information Fig. S3). These results suggested that
PPemd26 suppression of tumour progression may be attrib-
uted not only to anti-angiogenic effects on endothelial cells
but also to the anti-proliferative effects on tumour cells.

Discussion and conclusions

Anti-angiogenesis is an important therapeutic strategy for
cancer treatment and prevention. Several angiogenic inhibi-
tors have been shown to potentially prevent tumours from
growing and spreading to other organs (Carmeliet and Jain,
2000). In addition, anti-angiogenesis therapy may improve
the efficacy of chemotherapy through vascular remodelling.
Thus, VEGF-A, a critical factor in inducing angiogenesis, has
emerged as an attractive target for anti-angiogenesis treat-
ment. In this study, we have identified an anthraquinone
derivative, PPemd26, as a potent inhibitor of VEGFR2 signal-
ling. In addition, PPemd26 suppressed VEGF-A- or tumour-
induced angiogenesis in vivo. Our results also showed for the
first time that suppressing angiogenesis may contribute to its
reduction of tumour growth in a tumour xenograft model.

VEGFR2-mediated signalling pathways play an essential
role in the pathophysiological responses of vascular endothe-
lial cells. VEGFR2 phosphorylation at Tyr1175 leads to the
activation of downstream signalling cascades in endothelial
cells (Liu and Agarwal, 2010). VEGFR2 mediates the activa-
tion of the MAPK/ERK cascade and the cell proliferation in
endothelial cells exposed to VEGF-A. It has also been linked
to VEGF-A-induced activation of Src, which regulates cell
migration (Eliceiri et al., 2002). Other signalling molecules
involved in VEGF-A-induced migration through VEGFR2,
including FAK and its substrate paxillin, participate in focal
adhesion during cell migration (Avraham et al., 2003). Recent
studies further indicated that inhibition of ERK, PI3K, FAK
and Src downstream of VEGFR2 may be beneficial for cancer
therapy (Steelman et al., 2011). In agreement with these
observations, we noted in this study that PPemd26 not only

inhibited VEGFR2 phosphorylation, but also suppressed the
phosphorylation of its downstream kinases including ERK,
Akt, FAK and Src in HUVECs exposed to VEGF-A. These find-
ings together with the reports described above suggest that
the inhibitory effects on VEGF-A / VEGFR2 signalling may be
crucial to the anti-angiogenic actions of PPemd26. We also
noted that PPemd26 inhibited PIM1 kinase activity and this
kinase is associated with VEGFR2 signalling, angiogenesis and
malignancy (Zippo et al., 2004). In addition, although the
Matrigel used in the tube formation assay is a preparation
with reduced levels of growth factors, it still contains several
growth factors at relatively low concentration, which may
induce tube formation. PPemd26, similar to sunitinib, has by
itself an effect on the numbers of tube sprout arches, even in
the absence of VEGF-A. This result may be due to their inhi-
bition of tube formation induced by these growth factors.
Moreover, recent studies have disclosed crosstalk between
bFGF and VEGF-A in vascularization processes (Giavazzi et al.,
2003). PPemd26 also inhibited the activation of FGF recep-
tors and the subsequent angiogenic actions of bFGF (Support-
ing Information Fig. S1). Further investigations are needed to
clarify whether PPemd26 affects any other kinases in sup-
pressing tumour angiogenesis. Because neovascularization is
likely to be controlled by more than one angiogenic molecule
in cooperation with VEGF-A, these observations in combina-
tion with the inhibition of VEGF-A and tumour-induced
angiogenesis by PPemd26 suggest that PPemd26, like suni-
tinib, may inhibit several receptor tyrosine kinases.

Anthraquinone has been reported as an important phar-
macophore in the development of anti-cancer agents
(Feldman et al., 2005). Anthraquinone derivatives isolated
from Rheum officinale Baill were shown to attenuate pancre-
atic cancer growth via Akt inhibition (Kaneshiro et al., 2006).
In this study, we found that the anti-angiogenic actions of
PPemd26 may contribute to its suppression of tumour
growth. In addition to exhibiting anti-angiogenic activity, we
also noted that PPemd26 significantly suppressed cell prolif-
eration in HCT116 colorectal cancer cells. Because VEGFR2
expression was almost undetectable in HCT116 cells (Sup-
porting Information Fig. S3), this finding suggests that
VEGFR2-independent mechanisms may have contributed to

Figure 6
PPemd26 inhibits tumour growth and angiogenesis in a mouse xenograft tumour model. (A) HCT116 cells were injected into 5-week-old nude
mice (4 × 106 cells per mice). After the solid tumour had grown to about 100 mm3, mice were injected i.p. with vehicle or PPemd26 (2 or
10 mg·kg−1 per day). After treatment for 28 days, the solid tumours in PPemd26-treated mice were significantly smaller than those in control mice
(n = 6). (B) PPemd26 inhibited tumour growth as measured by tumour volume. Data are means ± SEM; *P < 0.05, significantly different from the
vehicle-treated group. (C) The tumour weight in vehicle- or PPemd26-treated mice was determined after 28 days of treatment. Bar graphs
represent the mean ± SEM of six tumours in each group. *P < 0.05, compared with the vehicle-treated group. (D) The blood vessels and
proliferative cells in solid tumour sections were stained with anti-CD31 and anti-Ki67 antibody. Images of immunohistochemical staining
representative of at least four independent experiments with similar results are shown. Summary results are shown at the bottom of the chart. Each
column represents the mean ± SEM of six independent experiments. * P < 0.05, significantly different from the vehicle group. (E) Mice were
injected i.p. with vehicle, PPemd26 (2 and 10 mg·kg−1 per day) or sunitinib (10 mg·kg−1 per day) for 28 days. Effects of PPemd26 and sunitinib
on tail bleeding time were determined. Each column represents the mean ± SEM of five mice in each group. * P < 0.05, significantly different from
the vehicle group. (F) No significant differences in body weights were found between the control and PPemd26-treated groups. (G) PPemd26 did
not cause obvious pathological abnormalities in organs. Haematoxylin and eosin (H&E) staining of paraffin-embedded sections of the lung, liver,
kidney, heart and spleen. (H) After starvation in serum-free medium for 24 h, HCT116 cells were treated with indicated concentrations of PPemd26
in the presence of serum (10% FBS) for another 24 h. Cell viability was determined by MTT assay. Each column represents the mean ± SEM of
five independent experiments performed in duplicate. *P < 0.05, significantly different from the control group; #P < 0.05, significantly different
from the vehicle-treated group in the presence of serum.
◀
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the anti-proliferative effects of PPemd26 on tumour cells and
its anti-tumour actions. The underlying mechanism(s) by
which PPemd26 suppresses tumour cell proliferation also
needs to be investigated.

In contrast to several widely used anti-cancer drugs with
many adverse effects or severe cytotoxicity, various low MW
VEGFR tyrosine kinase inhibitors that block tumour angio-
genesis and metastasis were predicted to be effective without
causing complicated toxicities or resistance (Liu et al., 2006;
Ivy et al., 2009). However, recent clinical studies indicate that
most of the VEGF-A / VEGFR2 signalling inhibitors including
sunitinib exert some adverse effects such as bleeding compli-
cations (Faivre et al., 2006; Drevs et al., 2007; Je et al., 2009b;
Elice and Rodeghiero, 2010). We noted in this study that
systemic treatment of mice with PPemd26 for 28 days at 2 or
10 mg·kg−1 per day inhibited colorectal tumour cell-induced
angiogenesis and tumour growth. In addition, PPemd26 (at
the higher dose, 10 mg·kg−1 per day) did not affect the weight
of the mice during the experimental period. Furthermore, no
apparent pathological changes in lung, liver, kidneys, heart
and spleen were found by microscopic examination. Thus,
PPemd26 may be a novel anti-cancer agent with limited tox-
icity. We also noted in this study that PPemd26 did not affect
tail bleeding time in contrast to the increased tail bleeding
time induced by sunitinib. Furthermore, sunitinib inhibited
collagen-induced platelet aggregation while PPemd26 did not
(Supporting Information Fig. S2). Thus,. the different effects
on tail bleeding time may, in part, result from the different
actions of PPemd26 and sunitinib on platelets.

The precise mechanism of PPemd26 in inhibiting
VEGFR2-mediated signalling remains to be explored. We
noted in this study that PPemd26 suppressed VEGF-A binding
to VEGFR in HUVECs. However, PPemd26, even at high
concentration (10 μM), only partially suppressed VEGF-A
binding to VEGFR while PPemd26 at 10 μM markedly inhib-
ited the effects of VEGF-A (proliferation, migration and tube
formation) in HUVECs. This discrepancy suggests that other
intracellular mechanisms may also contribute to the observed
dephosphorylation and inactivation of VEGFR2. The molecu-
lar mechanism underlying PPemd26-induced VEGFR2
dephosphorylation has not been fully defined but is likely to
involve activation of protein tyrosine phosphatase (PTP).
There are several PTPs expressed in endothelial cells
(Kappert et al., 2005) and one of them, density enhanced
phosphatase-1, is known to negatively regulate VEGFR2 sig-
nalling. Phosphorylation of VEGFR2 is also regulated by
members of the SH2 domain-containing protein tyrosine
phosphatase (SHP) family (Sugano et al., 2007; Bhattacharya
et al., 2008; Chu et al., 2013). In a rat model, loss of SHP-1
activity, through the use of SHP-1 siRNA, accelerated angio-
genesis (Sugano et al., 2007). Recent study demonstrated that
emodin, a natural anthraquinone, exhibits anti-tumour
activities through the induction of SHP-1 to down-regulate
STAT3 in hepatocellular carcinoma (Subramaniam et al.,
2013). These findings raise the possibility that SHP-1 may
contribute to PPemd26 dephosphorylation of VEGFR2.
Further investigations are needed to characterize whether
PTPs such as SHP-1 are involved in the anti-angiogenic and
anti-tumour actions of PPemd26.

In conclusion, our studies indicate that PPemd26 is a
potent inhibitor of tumour-induced angiogenesis in vivo by

targeting VEGFR2 signalling pathways. PPemd26 also inhib-
ited proliferation of HCT116 tumour cells, which exhibit low
levels of VEGFR2. The different mechanisms of PPemd26’s
actions in suppressing angiogenesis and tumour cell prolif-
eration remain to be elucidated. It is likely that inhibiting
angiogenesis and tumour cell proliferation culminates in the
suppression of tumour growth. PPemd26 may serve as a lead
compound in development of new anti-cancer and anti-
angiogenesis agents.
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