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Abstract
Purpose Targeting tumor vasculature by colchicine site
microtubule inhibitors is a new approach in cancer therapy.
Here we investigate cis-3, 4�, 5-trimethoxy-3�-aminostil-
bene (stilbene 5c) in its eVect on tumor vascular perfusion,
pharmacokinetics, toxicity and therapeutic eYcacy in a
mouse xenograft model.
Methods Tumor xenograft model was established with
subcutaneous injection of UCI-101 ovarian cancer cells
into nude mice. Tumor blood perfusion was investigated by
dynamic contrast-enhanced (DCE) MRI studies. Pharmaco-
kinetic studies were performed by LC/MS/MS to quantify
the concentrations of stilbene 5c in plasma. Tumor size was
measured by the long and short axes of tumor to calculate
tumor volume. Mouse cardiac function study was deter-
mined by Doppler echocardiography using the Vevo770TM
imaging system. Microvascular density was determined by
CD34 staining of tissue sections.

Results Stilbene 5c selectively suppresses tumor perfu-
sion without damaging normal organ perfusion in DCE-
MRI studies. Histological sections of normal organs treated
with stilbene 5c do not reveal any major toxicity in H&E
staining. Microvascular density determined by CD34 stain-
ing is unchanged in normal organs, but signiWcantly
decreased in tumor after stilbene 5c treatment. Biodistribu-
tion study shows that stilbene 5c is not detectable in heart
and lung, rapidly decreased in brain, liver, and kidney, but
remains high in tumor for more than 3 h after IV injection
of stilbene 5c, suggesting preferential accumulation in
tumor. Mice treated with 5 days of stilbene 5c had negligi-
ble cardiac toxicity based on their normal left ventricular
ejection fraction. In vivo eYcacy study of stilbene 5c
showed that it only suppresses tumor growth by 40% if
used alone, but combination with bevacizumab is signiW-
cantly better.
Conclusion Stilbene 5c is a useful vascular disrupting
agent and combination with bevacizumab could be a prom-
ising therapy for cancer.

Keywords Stilbenes · Tumor perfusion · 
Endothelial cells · Bevacizumab · DCE-MRI

Introduction

Tumor growth requires the development of a network of
neovasculature to supply oxygen and nutrients and to
remove toxic metabolites. The neovasculature formed in
the tumor tissue diVers signiWcantly from the normal vascu-
lature [1, 2]. Tumor neovasculature is abnormal, chaotic
and inadequate in structure and function [3]. Targeting
tumor vasculature has evolved into a useful strategy to
develop new cancer therapeutics [4]. Two approaches have
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been used nowadays to target tumor vessels. One is to pre-
vent the angiogenic process by blocking angiogenic factors
or their receptors to prevent the growth of new vessels. The
other strategy is to kill the existing endothelial cells in
tumor directly. This group of compounds was named as
vascular disrupting agents (VDAs). Their goal is to kill
tumor endothelial cells and to prevent tumor from getting
adequate blood supply, which leads to tumor ischemia
and eventually necrosis [5, 6]. A group of colchicine site
inhibitors, including combretastatin A4 (CA4), ZD6126,
AVE8062 and Oxi4503, kill tumor endothelial cells by
interfering with microtubule polymerization. They are
eVective for anti-vascular purpose in doses that are equiva-
lent to one tenth of their maximally tolerated dose in con-
trast to vinca alkaloids, which have anti-vascular eVect only
until reaching maximally tolerated doses. Other small mol-
ecules, such as Xavonoid DMXAA, induce local release of
TNF� or other cytokines from activated macrophages in the
tumor tissue to damage tumor vessels [5, 6].

Although direct disruption of tumor vasculature is a
promising concept, the caveat of VDAs is the possibility of
damaging normal vascular endothelium as shown in the
phase I clinical trials for ZD6126 and CA4P, the water-sol-
uble prodrug of CA4 [7–10]. Neither of them induces com-
mon side eVects of existing chemotherapy such as alopecia
and bone marrow toxicity. Three main side eVects were
observed for CA4P. One is cardiovascular toxicity, includ-
ing tachycardia, bradycardia, hypertension, and prolonga-
tion of QTc interval. The second is pain in the tumor region.
The third is neurological symptoms such as neuropathy,
ataxia, headache, and abdominal pain. Cardiovascular and
neurotoxicity were considered the dose limiting toxicity
[7, 9]. Other non-speciWc symptoms such as abdominal pain,
could also be related to non-speciWc damage to endothe-
lium of splanchnic circulation, raising a question about the
speciWcity of these VDAs. It was encouraging that a patient
with anaplastic thyroid carcinoma achieved complete
remission that lasted 30 months, raising a signiWcant inter-
est in subsequent studies on this cancer. Pharmacodynami-
cally, both the agents were capable of suppressing tumor
vascular perfusion using PET scan or DCE-MRI studies
[7, 11]. In contrast to CA4P, ZD6126 had no neurotoxicity
observed, but cardiovascular toxicity appeared to be worse.
Decreased left ventricular ejection fraction, elevation of CK
and CK-MB, and EKG changes characteristic of acute
myocardiac infarction were reported. Circulating endothe-
lial cells increased by 40–60% at 2–8 h after infusion but
this increase did not correlate with peak plasma concentra-
tions or drug exposure [10]. The increase of circulating
endothelial cells could be a potential issue, since recruit-
ment of endothelial progenitor cells to tumor was detected
after treatment of tumor-bearing mice with VDAs [12].

This may lead to revascularization in tumor after drug
administration and treatment failure.

Considering these main obstacles of CA4P and ZD6126,
it would be necessary to develop other compounds that
have more speciWcity to tumor endothelial cells than
normal endothelial cells to avoid the cardiac toxicity. We
studied a stilbene derivative, cis-3, 4�, 5-trimethoxy-3�-
aminostilbene (stilbene 5c), which is also a colchicine site
inhibitor of microtubule. This compound has structure sim-
ilarity to CA4 but does not have a trimethoxylphenyl moi-
ety due to absence of the 4-methoxyl group and substitution
of the hydroxyl group of CA4 with an amino group [13]
(Fig. 1). Stilbene 5c is highly potent against various tumor
cells and blocks cell cycle progression in G2–M phase. Stil-
bene 5c is tolerated in mice up to 100 mg/kg and no major
organ toxicity was observed [5]. In particular, there was no
bone marrow toxicity, and the ability of bone marrow
engraftment was not aVected by stilbene 5c treatment. Here
we describe that stilbene 5c is highly eVective in suppress-
ing tumor vascular perfusion without damaging normal
organ perfusion in a solid tumor model. Most importantly,
the compound has an undetectable level in heart and does
not aVect mouse cardiac function, suggesting that it could
be a more desirable VDA with negligible cardiac toxicity.

Methods

Tumor xenograft model

UCI-101/luciferase ovarian cells were used to generate tumor
xenografts in nude mice. Cells were grown in Iscove’s Modi-
Wed Dulbecco’s medium (IMDM) supplemented with 10%
fetal bovine serum and glutamine/penicillium/streptomycin.
Each mouse was injected with 5 £ 106 cells intraperitoneally
or subcutaneously in back to grow tumor xenografts. Mice
were treated with stilbene 5c or 6c (cis-3, 4�, 5-trimethoxy-3�-
hydroxylstilbene) at 25 mg/kg by intraperitoneal injection.
Stilbene 5c and 6c were synthesized as described [13]. Tumor
volume was calculated by ab2/2 where “a” and “b” are the
long and short axes of tumor.

EVect of stilbenes in human umbilical vein endothelial cells 
(HUVECs)

HUVECs and their culture media were purchased from
Cambrex Corp. (East Rutherford, NJ, USA). Cells were
treated with various concentrations of stilbene 5c or 6c
before harvested for propidium iodide (PI) staining and
FAScan analysis. Alternatively cells were Wxed with 2%
paraformaldehyde followed by immunoXuorescent staining
with anti-tubulin antibody. Nuclei were stained with DAPI.
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Determination of tumor and normal organ perfusion 
by DCE-MRI

Nude mice with tumor xenograft were anesthetized with
1% isoXurane and mixed oxygen. DEC-MRI was per-
formed with experimental MR system (Bruker, Biospec
2.35T/40 cm) that is dedicated to small animal imaging.
Jugular vein was dissected to place an IV catheter for con-
trast injection in acute phase study. The Wrst batch of mice
were injected with 50 �L of gadolinium (OmniScan)
through the jugular catheter and MRI images were col-
lected every second to investigate the initial rate of increase
of MRI signals immediately after injection. After the initial
rate is established, subsequent MRI studies focused on the
sustained increase in gadolinium signals, which also pro-
vide qualitative and quantitative information for tissue per-
fusion. For this study, 20 �L of gadolinium was injected
directly into tail veins. Mice were transferred into the tun-
nel of MRI machine within 1 min after injection. MRI
images were collected every minute for 30 min.

Pharmacokinetic study

For plasma pharmacokinetic studies, BALB/c mice were
injected with stilbene 5c at 10 mg/kg intravenously. For tis-
sue distribution study, nude mice with tumor xenografts
were injected with stilbene 5c at 20 mg/kg IV. Mice were
humanely killed, and plasma and tissues were harvested as
a function of time after administration. Blood samples were

collected and centrifuged at 3,000 rpm at 4°C for 5 min
to obtain plasma. Major organs are dissected and about
100 mg of each organ was extracted for determination of
stilbene 5c concentrations. Plasma and tissue samples were
frozen at ¡80°C until LC/MS/MS analysis.

BrieXy, stilbene 5c was extracted by acetonitrile contain-
ing temazepam as an internal standard. Tissue homogenates
were prepared at a concentration of 200 mg/mL in PBS and
further diluted 1:10 in human plasma before extraction
using acetonitrile. The analytes were separated on a Waters
(Milford, MA, USA) X-Terra MS C18 (50 £ 2.1 mm,
3.5 �m) column with acetonitrile containing 0.1% formic
acid/10 mM ammonium acetate mobile phase (70:30, v/v)
using isocratic Xow at 0.15 mL/min for 5 min. Stilbene
5c was monitored by tandem-mass spectrometry with
electrospray positive ionization. Calibration curves were
generated over the range of 0.005–1 �g/mL for plasma and
0.3–60 �g/g for tissue. Samples that were above the limits
of quantitation were diluted with plasma prior to analysis.

Pharmacokinetic variables were calculated from mean
stilbene 5c concentration–time data using non-compart-
mental methods as implemented in WinNonlin version 5.0
(Pharsight Corp., Mountain View, CA, USA) [14]. Cmax

was the observed values from the mean data. The AUC up
to 4 h was calculated using the linear trapezoidal method.
The AUC values were extrapolated to inWnity (AUCinf) by
dividing the last quantiWable concentration by the terminal
disposition rate constant (�z), which was determined from
the slope of the terminal phase of the concentration–time

Fig. 1 Chemical structures of stilbene 5c, combretastatin A4, ZD6126 and colchicine. Stilbene 6c is another derivative that replaces the amino
group of stilbene 5c with a hydroxyl group and similar to CA4. CA4P has a phosphate group attached to the hydroxyl group of CA4
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proWle. The terminal half-life (t1/2) was calculated as 0.693
divided by �z. The clearance (Cl) was calculated by divid-
ing the dose administered by AUCinf.

Immunohistochemistry study of tissue sections

After mice were sacriWced, major organs and tumors were
dissected and Wxed in 10% formalin. Tissues were embed-
ded in paraYn and sections were stained with H&E, and
with antibody against CD34 for quantiWcation of microvas-
cular density. The scoring of microvascular density was
based on the methods described by Weidner et al. [15, 16]
by counting the CD34-positive signals in a photo frame of
200£ magniWcation using Nikon ECLIPSE E800M micro-
scope equipped with a Diagnostic Instruments Spot RT
CCD camera.

Doppler echocardiography

Doppler echocardiography was performed using the
Vevo770TM imaging system (VisualSonics Inc., Toronto,
Ontario, Canada) prior to treatment with stilbene 5c, and
4 h and 7 days after treatment. Light anesthesia was used
during the exam with the injection of pentobarbital (30 mg/
kg; ip). The mice were placed in the supine position and
ECG limb electrodes were attached. The chest was care-
fully shaved and ultrasound gel was used on the thorax to
optimize visibility during the exam. A 30-MHz probe was
utilized to obtain two-dimensional, M-mode and Doppler
imaging from parasternal short-axis view at the level of the
papillary muscles and the apical four-chamber view [17].
M-mode images of the LV were obtained and systolic and
diastolic wall thickness (anterior and posterior) and LV
end-systolic and end-diastolic diameters (LVESD and
LVEDD, respectively) were measured. LV fractional short-
ening (FS) was calculated as (LVEDD ¡ LVESD)/
LVEDD £ 100. Ejection fraction was calculated using the
Teichholz formula [18]. The LV mass was calculated using
the following formula (LVEDD + AWDT + PWDT)3 ¡
(LVEDD)3 £ 0.8 £ 1.04) + 0.6)/1,000, where AWDT and
PWDT are anterior and posterior wall diastolic thickness,
respectively [19]. The allocation to diVerent treatments was
random, and the investigators performing and reading the
echocardiogram were blinded to the treatment.

Results

Stilbenes 5c and 6c induce human umbilical vein 
endothelial cell apoptosis

To investigate whether stilbenes are capable of damaging
tumor endothelial cells similar to CA4, we Wrst tested their

sensitivity in commercially available HUVECs. HUVECs
were cultured with stilbene 5c for 16 h and stained with PI
for cell cycle analysis. Cell cycle arrest at G2 and appear-
ance of a large subG0/1 population of population were
observed when HUVECs were treated with 30 nM stilbene
5c overnight (Fig. 2a). ImmunoXuorescent staining of tubu-
lin showed disruption of microtubules when HUVECs were
treated with 30 and 100 nM stilbene 5c or 100 nM stilbene
6c (Fig. 2b). DAPI staining revealed the appearance of
nuclear condensation and fragmentation that represent
apoptosis.

Stilbene 5c selectively disrupts tumor vascular perfusion

Next we studied the vascular disrupting eVect of stilbene 5c
in vivo using DCE-MRI to measure vascular perfusion of
tumor before and after stilbene treatment. We Wrst focused
on the early phase within the Wrst minute after injection of
gadolinium to study the dynamics of tumor perfusion.
Catheters were placed in the jugular vein and gadolinium

Fig. 2 HUVECs are highly sensitive to stilbenes 5c and 6c. a Flow
cytometry analysis. HUVECs were incubated with stilbene 5c over-
night and harvested for PI staining followed by Xow cytometry analy-
sis. The sub-G1 population represents the dead cells. b Disruption of
microtubule and induction of apoptosis by stilbenes 5c and 6c.
HUVECs were treated with stilbenes 5c and 6c for 16 h and Wxed with
paraformaldehyde followed by immunoXuorescent staining with
anti-tubulin antibody. Tubulin in red and nuclei are stained with DAPI
in blue
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contrast was injected through the catheter. After MRI
images were collected every second for 10 min, the initial
rising slopes were calculated in tumor and compared with
paraspinal muscle, which was used as normal tissue con-
trol. In three untreated mice, the muscle had a rate of rise at
903, 1320, and 886/s, and the corresponding tumor in the
same mice has a rate at 219, 552, and 319/s, respectively
(24.3, 41.8 and 36.0% of muscle, respectively). The aver-
age ratio of tumor blood Xow is 34.0 § 8.9% of that of
muscle. At 4 h after stilbene 5c treatment, the rate in mus-
cle was unchanged at 985, 1354, and 921/s, respectively in
those three mice. In contrast, that of the corresponding
tumor decreased to 135, 383, and 254/s (13.7, 28.3 and
27.5% of muscle, respectively). The average ratio of tumor
blood Xow decreases to 23.2 § 8.2% of that of muscle in
three stilbene 5c-treated mice (Fig. 3), which is statistically
signiWcant compared with untreated mice. There was a 32%
drop in the rate of initial tumor perfusion relative to muscle
at 4 h after stilbene treatment.

Considering the unpredictable nature of tumor perfusion
regarding time and spatial variations, we also studied the
later phase of gadolinium entry into tumor. The previous
rapid kinetic studies showed that after 10 min of rapid
increase the gadolinium signals reached plateau and per-
sisted for at least 30 min without washing out. We chose
30 min after injection for studying the images in plateau. In
addition, using tail vein injection rather than a surgery to
place jugular vein catheter, we were able to compare same
mice before and after stilbene treatment to avoid individual
variation in mice. Mice were Wrst imaged without contrast
to obtain a baseline (Fig. 4a, left upper panel). The section
was obtained at the center of the tumor. Kidney, which has
a better late enhancement, in the same section was used as
an internal organ control. After injected with 20 �L of

gadolinium (OmniScan) via the tail vein, mice were ana-
lyzed with a rapid sequence MRI every minute for total of
30 min. Both the tumor and kidney exhibited enhancement
of MRI signals after injection of gadolinium, which repre-
sented vascular perfusion of tumor and kidney (Fig. 4a,
right upper panel). Mice were then left for 24 h to let gado-
linium washed out. Same mice were treated with 50 mg/kg
stilbene 5c by intraperitoneal injection on the second or
third day. Four hours after injection of stilbene 5c, mice
were imaged again before and after gadolinium injection by
the same protocol and compared with the previous pair
of images before stilbene treatment. In the baseline image
before gadolinium injection, the T1-weighted image had a
slight increase of MRI signals (Fig. 4a, left lower panel)
compared with the baseline image of untreated mice. This
increased signal was likely due to a small amount of resid-
ual gadolinium left in the body from the previous day. After
injection of gadolinium, kidney and other normal organs
showed enhanced signals. However, the tumor region
showed signiWcantly less gadolinium enhancement com-
pared with that before stilbene treatment (Fig. 4a, right pan-
els), suggesting that stilbene 5c selectively inhibits tumor
perfusion and spares normal organs. Similar studies were
performed in six mice and the T1 map was generated for
each mouse. The concentration of gadolinium was calcu-
lated from each image and results are shown in Fig. 4b. The
algorithm of calculation failed in kidney due to the fact that
the signals in kidney reached saturation. The concentration
of gadolinium in tumor decreased to an average of 62.8% in
tumor at 4 h after stilbene treatment. In contrast, the con-
centration of gadolinium in muscle did not change with stil-
bene treatment, indicating that stilbene 5c selectively
suppresses tumor perfusion without compromising normal
vascular perfusion.

Fig. 3 Initial accumulation of gadolinium in tumor in a DCE-MRI
study. Nude mice with established subcutaneously UCI101 tumor xe-
nografts were analyzed with DCE-MRI for tumor perfusion. Catheters
were placed in the jugular vein for IV injection of gadolinium. MRI
sections were collected every second immediately after bolus injection

of 50 �L of gadolinium (OmniScan). The MRI signal intensity of the
region of interest was plotted against time in the Wrst 100 s. The initial
slopes of the Wrst 2 s were calculated in muscle and tumor to represent
the rate in gadolinium accumulation and listed in the Wgures. Shown
are the representatives of three untreated and three treated mice
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Stilbene 5c is preferentially accumulated in tumor 
but not in heart, lung or spleen

Mice were injected with stilbene 5c at 10 mg/kg intrave-
nously to determine the pharmacokinetics. Our study
revealed that stilbene 5c has an average half-life of 1.8 h,
AUC0–4 h 143 h £ ng/mL, AUCinf 1,524 h £ ng/mL, Cmax

2,302 ng/mL and clearance 32.9 L/h.

We then investigated the biodistribution of stilbene 5c in
normal organs and tumor xenografts. Plasma, tumors and
various organs including brain, heart, lung, liver, kidney
and spleen were harvested for extraction and the concentra-
tions of stilbene 5c in each organ was determined. Stilbene
5c was not detected in heart, lung and spleen at either 1 or
3 h after intravenous injection (Fig. 5), but was present in
brain, kidney and liver at 1 h after injection of stilbene 5c at
a level comparable to that in plasma. Subsequently, the lev-
els in these three organs decreased to undetectable level at
3 h after injection. In contrast, the level of stilbene 5c in
tumor xenograft remained persistently high at 3 h (63% of
that at 1 h, Fig. 5). This Wnding indicates that stilbene 5c is
preferentially accumulated in the tumor xenograft.

Immunohistochemistry staining with CD34 vascular 
marker in sections of tumor and normal organs

We took tissues that were studied with DCE-MRI to
investigate the vascular density of tumor and correlate
with the results from DCE-MRI-derived vascular perfu-
sion studies. We particularly examined sections from
heart and brain, where the toxicity of colchicine site
inhibitors was observed. Tissue sections were stained with
standard H&E and anti-CD34 (an endothelial marker)
antibody by immunohistochemistry staining. The H&E
staining did not show any signiWcant changes in any

Fig. 4 Study of tumor perfusion using accumulation of gadolinium at
30 min after gadolinium injection. a T1-weighted images before and
after stilbene 5c treatment in the same mouse. Nude mice with estab-
lished subcutaneously UCI101 tumor xenografts were analyzed with
DCE-MRI for tumor perfusion. DCE-MRI images were collected for
30 min after injection of OmniScan into tail veins. Same mice were
studied before and after stilbene 5c treatment to avoid individual vari-
ation. Left panels showed the T1-weighted images before injection of
gadolinium. Right panels showed images at 30 min after injection of
gadolinium. The upper panels showed gadolinium enhancement in tu-
mor and kidney before mice were treated with stilbene 5c. The lower
panels showed kidney enhancement remained the same similar to the
condition before stilbene treatment. However, stilbene 5c treatment
dramatically decreased tumor enhancement by gadolinium (right low-
er panel) compared with the right upper panel before stilbene treat-
ment. Tumor is marked with big arrowhead and kidney with small
arrowhead in each image. Shown are the representative images of one
of six mice that were studied. b Average of calculated gadolinium con-
centrations in tumor and muscle before and after stilbene 5c treatment.
Same experiments were performed in six mice for statistical analysis.
For calculation of tissue gadolinium concentration to represent the tis-
sue perfusion, T1 map before and 30 min after gadolinium injection
was generated. Tumors signals decreased to 62.8% in average after
stilbene 5c treatment; whereas muscle shows no signiWcant change
after stilbene treatment
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The average concentrations are labeled at the top of each bar in
histogram

0.
64

7

0

1.
02

3

0.
66

2

0 0

0.
76

7

0.
60

1

0 0 0 0 0 0

0.
48

9

0.
10

6

0.000

0.200

0.400

0.600

0.800

1.000

1.200

bra
in

he
ar

t

kid
ne

y
liv

er
lun

g

sp
lee

n
tu

m
or

plas
m

a

st
ilb

en
e 

5c
 c

o
n

ce
n

tr
at

io
n

s 
(u

g
/g

 f
o

r 
o

rg
an

s 
an

d
 u

g
/m

l f
o

r 
p

la
sm

a)

1h after IV injection

3h after IV injection
123



Cancer Chemother Pharmacol (2009) 63:191–200 197
major organs after stilbene 5c treatment (Fig. 6). There
was also no histological diVerence in tumor either. We
then used anti-CD34 staining to score microvascular den-
sity in tumor and various normal organs [15, 16]. The
results are indicated at the right lower corner of each
panel except kidney, which cannot be scored due to fusion
of the capillary network rather than discrete dots or tubes
in appearance. Treatment with stilbene 5c does not change
the microvascular density of heart, liver, kidney and
brain, but signiWcantly decrease that of tumor to nearly
one fourth (Fig. 6). This Wnding is consistent with our
MRI result that stilbene 5c selectively decreased tumor
vascular perfusion without compromising normal organ
perfusion.

Stilbene 5c does not compromise cardiac function

The major concern for VDAs such as CA4 and ZD6126 is
their cardiac toxicity in the phase I clinical trials [7, 9, 10].
As cardiac toxicity is a serious side eVect, we perform fur-
ther cardiac function study to rule out the possibility that
stilbene 5c may exhibit cardiac toxicity even though there
was minimal stilbene 5c accumulated in heart and histolog-
ical section of the heart was normal in mice treated with
stilbene 5c. Echocardiogram was used to study the heart
chamber size and ejection fraction of mice before and after
they were treated with stilbene 5c (n = 7). After establish-
ment of baseline for each mouse, echocardiogram was
repeated at 4 h after 25 mg/kg stilbene 5c treatment and at

Fig. 6 Stilbene 5c treatment decreases microvascular density in tumor
but not in normal organs. Nude mice with UCI tumor xenograft were
treated with 10% DMSO or stilbene 5c at 50 mg/kg intraperitoneally.
Mice were sacriWced at 4 h after injection, and various organs and
tumor were harvested for Wxation and standard H&E staining. Immu-
nohistochemical staining of each section was performed with anti-
CD34 antibody to quantify the microvascular density. The brown color
in each immunohistochemical stained section is the positive signal for
CD34 staining. Shown are the pictures in £200 fold magniWcation.

The numbers of positive signals in each CD34 stained picture are
counted and are shown in the right lower corner of each panel. Shown
are the averages and standard deviations of four diVerent Welds that
show the most abundant microvascular density. The sections from
kidney cannot be scored due to the fact that all vessels around renal
tubules are fused into a large network in the picture. These results
suggest that tumor vascular density was dramatically decreased by
nearly four folds, whereas that of other organs, heart, liver, brain and
kidney was not aVected by stilbene 5c treatment
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day 7 after mice were treated daily in days 1–5. All the
parameters we measured, including systolic and diastolic
chamber sizes, anterior and posterior wall thickness, frac-
tional shortening and ejection fraction of the left ventricle
all remained the same in all three analyses, indicating that
the cardiac function of mice was not aVected either acutely
after 4 h or chronically after 5 days of stilbene treatment
(Table 1).

EYcacy of stilbene 5c in tumor growth in mouse xenograft 
models

Next we used ovarian cancer UCI101 cells to study the in
vivo eYcacy of stilbene 5c. We Wrst administered stilbene
5c with intraperitoneal injection at 25 mg/kg three times a
week. Tumor volume was calculated by measuring the long
and short axes. Unfortunately, we did not detect any diVer-
ence in tumor growth between control and stilbene
5c-treated mice (not shown). The result that stilbene 5c is not
eVective as a single agent is not a surprise based on what is
known for CA4. CA4 by itself as single agent also failed to
show tumor growth suppression [20–22]. This is thought to
be due to the viable tumor rim, which survives the treat-
ment with VDAs by getting nutritional and blood support
from surrounding normal vasculature. When treatment with
VDAs is stopped, the viable rim of surviving tumor grows
quickly. Tumor vasculature recovers quickly by recruit-
ment of the mobilized endothelial progenitor cells [12].
Based on this rationale, we combined stilbene 5c with bev-
acizumab, which was used to neutralize VEGF secreted by
UCI-101 tumor cells. To achieve a better therapeutic
eYcacy, we increase the frequency of stilbene 5c treatment
to Wve consecutive days (Monday–Friday) for 2 weeks at
20 mg/kg/day since the half-life of stilbene 5c is 1.8 h.
Bevacizumab was given at 10 mg/kg twice a week (Mondays
and Fridays) for Wve doses. The group treated with stilbene
5c alone had tumor growth suppression about 45%, and the
group treated with bevacizumab alone had tumor growth
suppression at about 25%. The group treated with combina-
tion of stilbene 5c and bevacizumab achieved 80% tumor
growth suppression (Fig. 7). After dissecting of the tumor

at 24 days. The weight of the tumor conWrmed the measure-
ment result (not shown). This study leads to two conclu-
sions. Stilbene 5c is more eVective if given more frequently
and stilbene 5c is much more eVective when combined with
angiogenic inhibitor bevacizumab.

Discussion

Targeting tumor vasculature has evolved into a promising
strategy for cancer therapy. The anti-angiogenic approach
has been well established with the success of anti-VEGF
antibody bevacizumab and VEGF receptor tyrosine kinase
inhibitors sorafenib and sunitinib in various cancers [23,
24]. The more direct endothelial targeting VDAs are still in
developing now. VDAs of the Wrst generation, including
CA4P and ZD6126, were noted to have cardiac toxicity in
phase I clinical trials [7, 9, 10]. Other tyrosine kinase inhib-
itors were also reported to have cardiac toxicity [25]. Since
these agents have high potency against vascular endothelial
cells, damaging normal vascular endothelium could poten-
tially lead to vascular occlusion, myocardiac ischemia or
even infarction or ischemic stroke in brain. Compounds of

Table 1 Parameters of 
echocardiogram in mice before 
treatment and treated with 
stilbene 5c at 4h and 7 days 
(5 daily dosing)

Baseline 4 h after treatment 7 days

End diastolic diameter 3.13 § 0.44 3.04 § 0.44 3.26 § 0.36

End systolic diameter 1.82 § 0.48 1.59 § 0.27 1.85 § 0.23

Anterior wall diastolic thickness 0.93 § 0.13 0.90 § 0.19 0.92 § 0.20

Posterior wall diastolic thickness 0.92 § 0.14 1.07 § 0.29 0.99 § 0.13

Anterior wall systolic thickness 1.32 § 0.11 1.42 § 0.24 1.30 § 0.25

Anterior wall systolic thickness 1.22 § 0.28 1.42 § 0.36 1.32 § 0.23

Fractional shortening 42.87 § 9.45 47.66 § 8.15 43.47 § 1.84

Ejection fraction 73.86 § 8.17 73.14 § 6.67 73.71 § 2.56

Fig. 7 Stilbene 5c can enhance the eVect of bevacizumab in vivo.
Nude mice were injected with UCI-101 cells subcutaneously and mice
are treated with stilbene 5c at 20 mg/kg/day Monday–Friday with or
without bevacizumab 10 mg/kg twice a week. Tumor volume was cal-
culated by the long and short axes. Each group contains eight mice and
the average tumor volumes and standard deviations were plotted
against days
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the second generation will need to avoid this potential prob-
lem and be more speciWc to tumor endothelial cells. Here
we investigate stilbene derivatives, with stilbene 5c as a
potent member of the family. We found that stilbene 5c
induces cell death in HUVECs. Using DCE-MRI, we
demonstrated that stilbene 5c selectively suppressed tumor
vascular perfusion without compromising normal organ
perfusion. To address the potential problem of cardiovascu-
lar toxicity, we investigated drug distribution in various
organs. The level of stilbene 5c was undetectable in heart
and lung even as early as 1 h after IV injection. This
was reXected in the microvascular density study that the
patterns of endothelial cells in heart and lung have no
acute change in mice treated with stilbene 5c at a dose of
50 mg/kg. Cardiac function study with echocardiogram
demonstrated that stilbene 5c does not decrease LV ejection
fraction.

The pharmacokinetic proWle of stilbene 5c shows an
advantage of tumor accumulation. The plasma half-life of
stilbene 5c is around 1.8 h in mice. Brain, liver, kidney and
tumor were the main organs that have high levels of stil-
bene 5c at 1 h after IV administration. The level in these
three organs decreased rapidly to undetectable at 3 h. In
contrast, stilbene level in tumor remains high at the same
time point, indicating that the half-life in tumor is much
longer than that in normal organs. This preferential tumor
accumulation could have a few possibilities, such as prefer-
ential accumulation of stilbene 5c in tumor due to the
abnormal tumor vasculature or slower in metabolism of
stilbene 5c in tumor. Regardless of the etiology, this feature
is a desirable characteristic to further develop stilbene 5c.
The pharmacokinetic result of stilbene 5c can also be corre-
lated with our DCE-MRI study, which was performed at
4 h after stilbene treatment. This timing is about two serum
half-life, in which there is no drug left in normal organs, but
stilbene 5c is still present at a suYcient amount in tumor to
damage endothelial cells. Our DCE-MRI study did not
reveal how soon the tumor blood Xow is suppressed after
administration of stilbene 5c. However, we believe that this
is a fast process since tumor endothelial cells could undergo
apoptosis after exposure to stilbene 5c. When endothelial
cells are striped oV from tumor vessels after apoptosis,
blood clotting occurs immediately after the exposed con-
nective tissue, clotting factors and platelets interact. The
retained stilbene 5c in tumor tissue will further prevent the
recovery of the endothelial cells and continue to suppress
tumor perfusion up to 4 h as shown in DCE-MRI studies.

In the tumor xenograft study, stilbene 5c alone did not
induce robust tumor growth suppression when it was given
by itself. Same scenario has been observed in CA4, and per-
haps most of the VDAs, which do not induce signiWcant
tumor growth suppression alone. Although it can induce cen-
tral tumor necrosis, the peripheral tumor can obtain blood

perfusion through surrounding normal vessels and escape the
eVect of vascular disrupting agent. When drug administration
is stopped, the viable rim will grow back and compromise the
eYcacy of tumor growth suppression. The recent report by
Shaked et al. [12], that tumor recruits circulating endothelial
progenitor cells after CA4 treatment, provides another mech-
anism why VDAs may not work by itself. One way to solve
this problem is by prolongation of drug administration, as
shown by the better eYcacy if given daily. The second
approach is by combination with anti-angiogenic agents.
After VDAs shut down tumor vascular perfusion, tumor
becomes hypoxia and commits necrosis. During this course,
tumor responds to hypoxia by producing angiogenic factors
to mobilize endothelial progenitor cells, which will be
recruited to tumor bed and re-establish tumor vasculature.
Addition of anti-angiogenic agents such as bevacizumab,
which is shown to prevent mobilization of endothelial pro-
genitor cells [26] and block VEGF-induced endothelial pro-
liferation, will be expected to have a synergistic eVect with
VDAs. Our combination study in Fig. 7 proved this concept.

In conclusion, we have demonstrated that stilbene 5c is a
potent VDA that selectively suppresses tumor vascular per-
fusion. Combination with an anti-angiogenic agent will be
essential to achieve the best in vivo eYcacy for stilbene 5c.
Its toxicity proWle suggests that stilbene 5c has negligible
cardiac toxicity but it remains to be determined if this will
prove to be a clinical advantage when the drug is evaluated
in patients.
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