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Abstract

This study evaluated the anti-angiogenic activities of erianin in vivo and in vitro. Erianin, a natural product from Dendrobium

chrysotoxum, caused moderate growth delay in xenografted human hepatoma Bel7402 and melanoma A375 and induced significant

vascular shutdown within 4 h of administering 100 mg/kg of the drug. Erianin also displayed potent anti-angiogenic activities

in vitro: it abrogated spontaneous or basic fibroblast growth factor-induced neovascularisation in chick embryo; it inhibited pro-

liferation of human umbilical vein endothelial cells (EC50 34.1� 12.7 nM), disrupted endothelial tube formation, and abolished

migration across collagen and adhesion to fibronectin. Erianin also exerted selective inhibition toward endothelial cells, and qui-

escent endothelium showed more resistance than in proliferative and tumour conditions. In a cytoskeletal study, erianin depoly-

merised both F-actin and b-tubulin, more significantly in proliferating endothelial cells than in confluent cells. In conclusion, erianin

caused extensive tumour necrosis, growth delay and rapid vascular shutdown in hepatoma and melanoma models; it inhibited

angiogenesis in vivo and in vitro and induced endothelial cytoskeletal disorganisation. These findings suggest that erianin has the

therapeutic potential to inhibit angiogenesis in vivo and in vitro.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Angiogenesis is critical to the survival and continued

growth of a solid tumour mass and its metastases [1,2].

Tumour endothelium is therefore an important target for

the development of new approaches to therapy [3]. Some

anti-angiogenic agents, such as fumagillin [4], angiostatin

[5], endostatin [6], neovastat [7], and combretastatin A-4

[8], have become the focus of new drug development.
Erianin (2-methoxy-5-[2-(3,4,5-trimethoxy-phenyl)-

ethyl]-phenol) is a low molecular-weight natural product

isolated from Dendrobium chrysotoxum Lindl., which is

often used as an anti-pyretic and an analgesic in tradi-
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tional Chinese medicine. Structurally, erianin contains
two phenyl rings linked by a 2-carbon bridge with sev-

eral methoxyl substitutions on the phenyl rings (Fig. 1)

and belongs to the bibenzyl derivatives, in which many

compounds have shown anti-viral [9], anti-bacterial [10],

and anti-prostatic [11] activities. Structurally similar to

erianin, some stilbene [12] and phenanthrene derivatives

[13] display potent anti-tumour activity; combretastatin

A-4 is a promising candidate for controlling the aber-
rant angiogenesis of tumour development.

In previous studies, we and others have found that

erianin is active, with growth inhibitory effects on tu-

mours in vivo and in vitro [14,15] and with apoptosis-in-

ducing effects on carcinoma cells [16]. We have also

recently demonstrated that erianin induces a JNK/SAPK-

dependent metabolic inhibition in human umbilical vein

endothelial cells (HUVECs) [17]. However, whether
erianin’s anti-tumour effect on solid tumours involves

mail to: wangzht@shutcm.com,
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Fig. 1. Chemical structure of erianin.
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anti-angiogenesis and what are the underlying cellular or

molecular mechanisms remain to be discovered.

The aim of present study was to extend the previous

observation on the anti-tumour activity of erianin and to

evaluate its anti-angiogenic activity with in vivo and in

vitromodels. Experimental data presented here show that

erianin displayed potent anti-angiogenic activity in vivo

and in vitro, and inhibited proliferation in endothelial cells

with high selectivity, and caused a cytoskeletal distur-

bance restricted to proliferating endothelium.
2. Materials and methods

2.1. Reagents and cell lines

Erianin was isolated from D. chrysotoxum Lindl. [18],

identified by several conventional methods, with a purity

of 98%. Basic fibroblast growth factor (bFGF), calf

skin or rat rail collagen type I, crystal violet, endothelial

cell growth supplements (ECGS), fibronectin, fluores-

cein isothiocyanate (FITC)–phalloidin, Hoechst-33342,

and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma (St. Louis,

MO). Mouse monoclonal antibody to CD31 was pur-

chased from NeoMarkers (Fremont, CA) and FITC-

conjugated mouse monoclonal antibody to b-tubulin
from Sigma. Human hepatoma Bel7402 cells were

kindly provided by Dr. Ren Xu (Institute of Biochem-

istry and Cell Biology, Shanghai Institutes for Biological

Sciences, Chinese Academy of Sciences). Mouse fibro-
blast NIH/3T3 cells and human melanoma A375 cells

were obtained from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, PR China). Unless

otherwise mentioned, reagents for cell culture were

purchased from Gibco/Invitrogen (Grand Island, NY)

and biochemical reagents were obtained from Sigma or

Ameresco (Solon, OH).

2.2. Tumour transplantation and drug administration

Female BALB/c mice aged 8 weeks (Shanghai Cancer

Institute, Shanghai, PR China) were housed in barrier

facilities with food and water ad libitum. Tumour cell

suspensions with density of about 108 cells/ml in phos-

phate-buffered saline (PBS), pH 7.4, were prepared from

the tumour tissue derived from subcutaneous trans-
plantation of Bel7402 and A375 cells. After the im-

plantation in nude mice of 5 ll/g tumour cell

suspensions, animals were randomly divided into four

groups as follows: vehicle group [2 ml/kg dimethyl sul-

phoxide (DMSO)], drug treatment groups [100 mg/kg
erianin (50 mg/ml in DMSO) and 50 mg/kg erianin

(25 mg/ml in DMSO)], and a control group for histo-

logical assessment and a vascular shutdown study

(non-treatment). All agents were administered intra-

peritoneally in mice at 20 ll/10 g body weight once tu-

mours had reached minimum diameters of 4� 5 mm

(approximately days 7 after tumour implantation). Ev-

ery 3 or 4 days, tumours were measured by calipers in
two perpendicular diameters and their volume estimated

using the formula: V ¼ 0:52� L2 � W (V, volume; L,

length; and W, width) [19]. Semi-log plots of relative

tumour volume against time were made and the time

taken for tumour doubling to occur was recorded. At

day 20, mice were killed and the tumours weighed.

2.3. Histological assessment and immunohistochemistry

Tumours were collected and fixed in Bouin fixative for

24 h. After dehydration and embedding in paraffin, tu-

mour tissues were sectioned at 8 lm for histological as-

sessment and immunohistochemistry. A minimum of five

sections stainedwith haematoxylin and eosin (H&E) from

each tumour were selected for evaluating the extent of

necrosis, which was quantified: percentage necrosis was
with the image-analysis program Image-Pro plus (Media

Cybernetics, Silver Spring, MD). Other tissue sections

were rehydrated and unmasked with treatment with 1

mM EDTA (pH 8.0) at 95 �C for 10 min. Immunohisto-

chemistrywas performed according to the instructions for

the UltraVision Detection DAB system (LabVision,

Fremont, CA) with a monoclonal antibody to CD31/

PECAMat 1:50 dilution for 30min at room temperature.
As a negative control, the primary antibody was omitted.

Positive immunostaining, which appeared as a brown

colour, was visualised under a BX51 microscope with a

DP50 colour CCD (Olympus, Tokyo, Japan), and intra-

tumouralmicrovessel density (IMD)was assayedwith the

Image-Proplus software.

2.4. Vascular fluorescent perfusion

Hoechst-33342 was used as a marker for vascular

spaces in tumours [20]. After a 1-min exposure to

40 mg/kg Hoechst-33342 (given intravenously in sterile

saline), the mice were killed by cervical dislocation and

the tumours resected. Tumours were wrapped in OCT

compound (Sakura Finetek, Torrance, CA) and imme-

diately immersed in liquid nitrogen for subsequent fro-
zen sectioning. Frozen sections (6 lm) were cut on a

cryostat at three different levels between one pole and

the equatorial plane, and viewed in a light microscope
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under ultraviolet illumination. Perfusion was observed

as fluorescence and counts made, in which squares

containing fluorescence were counted as positive, with

the image-analysis procedure described above. A mini-

mum of five sections per tissue was examined and five
fields counted per section to detect the vascular volume.

Results were analysed with the Image-Pro plus software.

2.5. Angiogenesis assay on chick chorioallantoic

membrane

The ability of erianin to inhibit angiogenesis in vivo

was evaluated by chick embryo chorioallantoic mem-
brane (CAM) assay, as previously described, with minor

modifications [21]. In brief, fertilised chicken eggs were

incubated at 37 �C at constant humidity. On incubation

day 3, a square window was opened in the shell and 2–3

ml albumen was removed to allow detachment of the

developing CAM, and the window was then sealed with

glass. On day 8 of development, blank filter discs (5 mm

diameter) and discs containing 250 ng bFGF, bFGF
plus 2 or 10 lg erianin (dissolved in ethanol, which was

later evaporated off), or erianin alone (2, 10 or 50 lg)
were placed on the top of growing CAMs under sterile

conditions. The zone around the methylcellulose disc

was observed macroscopically 48 h after disc placement,

and all blood vessels within a 100-mm2 area surround-

ing the applied disc were traced and analysed at

50� magnification.

2.6. Cell culture

HUVECs were isolated, cultured, and characterised

with von Willebrand factor, as described previously [22].

To achieve confluence, HUVECs were cultured in gel-

atin-coated culture flasks in a moist atmosphere (5%

CO2–95% air) at 37 �C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM LL-gluta-

mine, 20 mM Hepes, 10% fetal bovine serum (FBS),

50 lg/ml ECGS, 5 U/ml heparin, 100 IU/ml penicillin,

and 100 lg/ml streptomycin. Confluent cells were used

between the second and the sixth passages. Bel7402 and

A375 cells were maintained in DMEM medium sup-

plemented with 10% FBS. Tumour-conditioned medium

was collected from a DMEM medium subjected to
confluent A375 tumour cells for 24 h, then centrifuged at

10,000g for 30 min at 4 �C, filter sterilised (0.22 lm), and

supplemented with the reagents for endothelial cell cul-

ture as above (pH 7.4).

2.7. Cell-proliferation assays

Cell proliferation was determined by standard MTT
assay in normal, tumour-conditioned HUVECs, and

NIH/3T3 and A375 cells [23]. Erianin was dissolved in

DMSO and diluted in DMEM medium (the concentra-
tion of DMSO did not exceed 0.1% v/v). Cells were in-

cubated in their complete medium containing 10% FBS

(positive control), the complete medium plus erianin, or

the starvation medium without FBS (negative control).

Cell proliferation was evaluated following a continuous
48-h exposure to a range of drug concentrations. To assess

the effect on quiescent HUVECs, erianin was not intro-

duced until the cells on the microplate had reached con-

fluence. Absorbance at 540 nm was determined using a

Spectramax 390 microplate reader (Molecular Devices,

Sunnyvale, CA). Each sample was assayed in eight du-

plicates and each assay was repeated at least four times.

The experimental data were normalised for comparison
as the percentage of positive control. In addition, to val-

idate the non-cytotoxic concentration, a lactate dehy-

drogenase (LDH) assay with a commercial kit (Sigma)

was performed by 24-h incubation of HUVECs with eri-

anin at that concentration [24]. The results on releasing

LDH were expressed as the percentage of the total LDH

present in the culture (releasing+ intracellular), as we

reported previously [25].

2.8. Endothelial tube formation

The tube-formation assay was performed according to

a modified method [26]. In brief, three-dimensional col-

lagen gel was prepared in 24-well plates by the addition of

chilled 500 ll rat rail collagen type I solution (1.1 mg/ml)

to each well, adjusted to neutral pH with NaHCO3 and
allowed to polymerise for 20 min at 37 �C. HUVECs

harvested using trypsin/EDTAwere seeded at a density of

5� 104 cells per well on the polymerised collagen and al-

lowed to attach for 24 h. The plate was incubated in the

presence or absence of 10 nMerianin at 37 �C for 24 h, and

some of the control with tube formation was further

subjected to 10 nM erianin exposure for various time in-

tervals. The medium was aspirated and cells were fixed
with 3.7% formalin in PBS. Representative photographs

were taken using a CK40 microscope (Olympus).

2.9. HUVEC-migration assay

The ability of HUVEC to migrate through collagen

was examined using 6-well Transwell chambers (Costar,

Corning, NY) [27]. The filter membrane (8 lm pore) of
the Transwell was coated with 1.1 mg/ml type I calf-skin

collagen solution at 37 �C for 60 min. The cultured

HUVECs were starved for 2 h in DMEM medium

containing 0.5% FBS and then subcultured to Tran-

swells at a density of 2� 105 cells/well. After 2-h incu-

bation for cell attachment, the same medium alone, or

with 10 ng/ml bFGF as a chemotactant, or bFGF plus

erianin (10 or 100 nM) was added in the lower chamber.
Following 24-h incubation at 37 �C, the Transwells were
removed and the cells on the upper side of the filter were

scraped off. Remand cells migrating to the lower side
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were fixed in methanol and stained with Wright’s dye

solution. Migration was calculated as the average

number of cells observed in five random fields (100�) at

least in five wells, and results were analysed with the

Image-Pro plus software.

2.10. Cell-adhesion assay

After 96-well plates were coated with a fibronectin

solution (20 lg/ml) at 4 �C overnight, HUVECs were

plated (5� 103 cells/well) in starvation medium alone or

containing 10 or 100 nM erianin for 90 min at 37 �C,
and then non-adhesive cells were washed off, as previ-
ously described [28]. The remaining adhesive cells were

fixed for 15 min at room temperature with 2.5% glu-

taraldehyde and stained with 0.1% crystal violet in 20%

methanol for 20 min, solubilised with 10% acetate, and

read at 595 nm in a microplate reader. The cell number

was derived from a calibration curve set up with a

known number of cells.

2.11. Cytoskeletal immunofluorescence

Cytoskeletal visualisation was achieved using FITC–

phalloidin and FITC–antibody to b-tubulin [29]. The

control or erianin-treated HUVECs, A375, Bel7402, and

NIH/3T3 cells on gelatin-coated glass coverslips (Bland,

Germany) were fixed with 3.7% formalin for 15 min,

permeabilised with 0.1% Triton X-100 for 5 min, and
incubated with 50 lg/ml FITC–phalloidin or 1:25 dilu-

tion FITC–antibody to b-tubulin for 40 min at room

temperature in a humid atmosphere. After thorough

washing, coverslips were mounted with 80% glycerol in

PBS and examined with an Axioskop-2 fluorescent mi-

croscope (Zeiss, Germany) equipped with an ISIS sys-

tem cool-CCD (Zeiss).

2.12. Electron microscopy

HUVEC at 80–90% confluence were maintained for

1 h in DMEM supplemented with 10% FBS in the

presence or absence of 10 nM erianin. The cells were

then washed by PBS and fixed in 3% glutaraldehyde for
Table 1

In vivo evaluation of erianin against Bel7402 and A375 tumours

Tumours Dose (mg/kg) Median time to

volume doublin

Bel7402 Vehicle 4.62� 0.42

50 4.85� 0.71

100 5.81� 0.49�

A375 Vehicle 3.27 � 0.35

50 3.61� 0.57

100 5.86� 0.49�

�P < 0:05 and ��P < 0:01, the statistical significance of anti-tumour effec

time in vehicle vs. treated tumours.

Each value represents mean�SEM ðn ¼ 5–6Þ.
3 h, washed for 12 h, and post-fixed in 1% osmium te-

troxide [28]. Afterwards, the cells were scraped off with a

rubber bar, dehydrated in graded ethanols, and em-

bedded in Epon 812. Ultrathin sections were cut with a

diamond knife, stained with uranyl acetate followed by
lead citrate, and examined in a Tecnai 12 transmission

electron microscope (Philips, Holland).

2.13. Statistical analysis

All data were expressed as means� SEM. Statistical

significance was assessed by Mann–Whitney U analysis

or Student’s t-test with computer software SigmaStat

2.0 (SPSS, Chicago, IL), and a P -value of less than 0.05

was accepted as a significant difference.
3. Results

3.1. 14-Day administration of erianin causes tumour

growth delay

The ability of erianin to delay tumour growth was

evaluated in human hepatoma Bel7402 and melanoma

A375. Treatment of mice bearing these tumours with

erianin (100 mg/kg per day intraperitoneal) resulted in a

moderate delay, as indicated by increases in the mean

time to tumour volume doubling (TVD); only slight and

statistically insignificant effects were observed at 50 mg/
kg/day (Table 1). Moreover, treatment with erianin at

both doses induced manifest decreases in the ultimate

weight of A375 tumours, but only erianin at 100 mg/kg

per day caused significant inhibition of Bel7402 tumour

weight (Table 1).

3.2. Acute treatment of erianin induces haemorrhagic

necrosis and vascular shutdown in vivo

Morphological assessments were made in relation to

acute treatment with erianin within 24 h in xenograft

Bel7402 and A375 tumours. As vehicle controls, A375

tumours treated with 2 ml/kg DMSO showed their

usual histological appearance of poor differentiation and
tumour

g (days)

Growth delay (days) Tumour weight (g)

0.93� 0.12

0.23 0.67� 0.12

1.19 0.55� 0.17�

1.80� 0.12

0.34 1.35� 0.14�

1.59 0.82� 0.03��

ts was determined by Mann–Whitney U analysis comparing doubling



Fig. 2. Effect of erianin treatment on tissue morphology in A375 tumours. Xenograft tumours treated with dimethyl sulphoxide or 100 mg/kg erianin

intraperitoneally over 24 h; tumour sections stained with H&E. (a) vehicle, no discernible necrosis; (b) 2-h treatment, haemorrhagic necrosis with

obvious dividing line between viable and necrotic tissues; (c) 4-h treatment, massive necrosis; (d) 24-h treatment, extensive necrosis. N, necrosis; V,

viable tumour; H, haemorrhage. Representative images taken from two independent experiments (n ¼ 4–5 for each experiment). Bar¼ 50 lM.
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limited necrosis (Fig. 2(a)). In contrast, 4- and 24-h
treatment with 100 mg/kg erianin induced obvious

haemorrhagicnecrosis todifferent extents inA375 tumours

(Fig. 2(c) and (d)), with necrotic areas of 52.4%� 9.8%

and 84.3%� 11.9%, respectively, and 2-h treatment

caused local and limited necrosis but accompanied with
Fig. 3. Effect of erianin on vascular density and volume in A375 tumours.

peritoneally, some tumours were fixed and used for vascular staining by CD31

tumours perfused with H33342 were sectioned for fluorescent microscopy: (c

Images representative of separate triplicate assays (n ¼ 4–6 for each experim
manifest haemorrhage (Fig. 2(b)). Similar effects occurred
in treated Bel7402 tumours (data not shown).

Vascular shutdown was studied with a combination

of IMD and vascular volume assays, using CD31 im-

munohistochemistry and Hoechst-33342 perfusion, re-

spectively. There was an abundant vascular distribution
After treatment with dimethyl sulphoxide or 100 mg/kg erianin intra-

immunohistochemistry: (a) vehicle; (b) erianin treatment for 4 h. Other

) frozen section of vehicle tumour; (d) treatment with erianin for 4 h.

ent). Bar¼ 50 lM.
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in A375 tumours (Fig. 3(a)), and 4-h treatment with

100 mg/kg erianin resulted in dramatic vascular shut-

down and damage (Fig. 3(b)), with a decreased IMD of

22.7� 6.8 pixels per 100� field (176.8� 42.6 for vehicle

tumour IMD). Similar results were obtained in Bel7402
tumours, as indicated by the IMD of 11.5� 1.7 after

erianin treatment (127.7� 18.7 for vehicle IMD). The

vascular volumes for 4-h 2 ml/kg DMSO-treated

Bel7402 and A375 tumours (vehicle) were 6.9%� 1.3%

and 8.7%� 1.7% as determined by image analysis in a

fluorescent-perfusion assay [20], and in all 100 mg/kg
Fig. 4. Effect of erianin on neovascularisation of chick embryo. Blank filter d

plus erianin or erianin alone, placed on chick chorioallantoic membranes and

250 ng/egg bFGF, (c) 10 lg/egg erianin, and (d) 50 lg/egg erianin. Arrows i

conducted by counting the number of blood vessels within a 100 mm2 area

(n ¼ 8–10 for each assay). ��P < 0:01 vs. bFGF treatment, and #P < 0:05, #
drug-treated tumours very limited and only peripheral

fluorescence could be seen (Fig. 3(c) and (d)).

3.3. Erianin inhibits CAM angiogenesis in vivo

Physiological angiogenesis was observed around the

blank methylcellulose discs in CAM as a few sur-

rounding vessels (Fig. 4(a)), whereas the discs absorbed

with 250 ng bFGF induced a vasoproliferative response,

allantoic vessels developed radially toward the discs in a

spoked pattern (Fig. 4(b)). Meanwhile, erianin induced
iscs and discs containing basic fibroblast growth factor (bFGF), bFGF

incubated for 48 h. Representative images from (a) blank control, (b)

ndicate the filter discs. (e) Macroscopic assessment of vascular density

surrounding discs. Bars indicate means�SEM from triplicate assays
#P < 0:01 vs. control (Student’s t-test).
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dose-dependent anti-angiogenic effects: the number of

vessels around the disc absorbed with 10 lg erianin was

diminished (Fig. 4(c)), and very few vessels were de-

tectable with 50 lg erianin treatment (Fig. 4(d)).

Treatment with bFGF plus 2 or 10 lg erianin efficiently
abrogated the bFGF-induced angiogenic response. A

quantitation assay is shown in Fig. 4(e), indicating in-

hibitive actions of erianin against both bFGF-induced

and spontaneous angiogenesis.

3.4. Erianin inhibits endothelial proliferation with selec-

tivity

Erianin induced anti-proliferative responses in a con-

centration-dependent manner, with an EC50 of 34.1� 5.3

nM in normal HUVECs, in contrast to slight effects

against A357 and NIH/3T3 cells at concentrations rang-
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Fig. 5. The anti-proliferative profile of erianin against (a) normal endothelium

(HUVEC) under different conditions. Cell proliferation was determined by M

4 to 6 assays ((n ¼ 8 for each assay).
ing from 10�9 to 10�6 M of erianin (Fig. 5(a)), which

implies that erianin provided selective inhibition of pro-

liferation toward endothelial cells. Moreover, treatment

with erianin produced an enhanced effect against HU-

VECs in the presence of tumour-secreted factors, with an
EC50 of 19.5� 3.6 nM (P < 0:05, vs. the EC50 of normal

HUVECs, Student’s t-test), and further studies on the

effects of erianin on quiescent endothelium suggested that

this selective inhibition was mainly directed toward pro-

liferating endothelium (Fig. 5(b)). Furthermore, to vali-

date these data from the MTT assay, which is affected by

both the amount and the energy metabolism of cells, a

cell-counting assay with crystal violet [27] was performed
and similar data were obtained (not shown).

As a negative control, starvation of cells by omit-

ting FBS abolished proliferation, as indicated by less

absorbance on the MTT assay than with the complete
ntration (mol/L)

10-7 10-6

entration (mol/L)

10-7 10-6

C

vs. A375 and NIH/3T3 cells, (b) human umbilical vein endothelial cells

TT assay. Results are expressed as a percentage of control� SEM from



Fig. 6. Effect of erianin on human umbilical vein endothelial cells (HUVEC) tube formation. After subculture on collagen gels for 24 h, HUVECs

were incubated (a) without or (b) with 10 nM erianin for 24 h, and established tube formation was treated with 10 nM erianin for (c) 3 h or (d) 12 h.

Images representative of one experiment out of three (n ¼ 6 for each assay). Bar¼ 250 lM.
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medium of the positive control (35.8%� 4.2% of po-

sitive control in HUVECs, 25.3%� 2.9% in A357 cells,

and 29.5%� 3.6% in NIH/3T3 cells). On comparing

these data for negative controls with the data shown

in Fig. 5, it appears that erianin at doses of 1–50 nM

mainly showed anti-proliferative activity rather than

direct cytotoxicity in normal proliferating HUVECs.

In addition, the non-cytotoxic concentration of erianin
was established as 10 nM, one-third of EC50 in nor-

mal HUVECs, which was confirmed by LDH assay:

24-h treatment with 10 nM erianin failed to cause a

significant increase in LDH release, 8.7� 2.41% of the

total LDH for erianin incubation, compared with a

blank control (5.5� 1.65%) ðn ¼ 8Þ.
3.5. Erianin abolishes tube formation, migration and

adhesion in HUVECs

When endothelial cells were subcultured on collagen

for 48 h, tube formation was achieved (Fig. 6(a)) and

there was not discernible tube structure in endothelial

monolayers incubated with 10 nM erianin (Fig. 6(b)).

The addition of DMEM containing erianin at this

concentration to already established endothelial cell
networks resulted in rapid disruption of these net-

works. Disruption started after approximately 3 h and

was complete after 12 h of exposure to erianin

(Fig. 6(c) and (d)). Endothelial migration and adhe-

sion in response to a gradient of erianin was mea-

sured; erianin inhibited both the migration and

adhesion of HUVECs, with a significant effect ob-

served at 10 nM (Fig. 7).
3.6. Non-cytotoxic erianin disrupts endothelial cytoskel-

eton

HUVECs grown on coverslips had a normally

distributed endothelial cytoskeleton (Figs. 8(a)–(c) and

9(a)–(c). Incubation of proliferating HUVECs with non-

cytotoxic 10 nM erianin for 1 h resulted in cytoskeletal

disorganisation and disruption of both F-actin filaments
and b-tubulin microtubules (Figs. 8(e) and (f), and 9(e)

and (f), while at this dose of erianin, there was no obvious

change in the appearance of confluent endothelium (Figs.

8(d) and 9(d)) and equivalent changes became noticeable

only when increasing the concentration of erianin to 100

nM (data not shown). In addition, in parallel studies on

other cells including A375, Bel7402, and NIH/3T3,

treatment with 10 nM erianin failed to influence the cy-
toskeletal distribution of F-actin and b-tubulin (data not

shown), implying that there is cell-type specificity in eri-

anin-induced cytoskeletal impairment.

Further evidence was provided by transmission elec-

tron microscopy, as shown in Fig. 10. HUVECs cultured

in DMEM appeared elongated, containing well-devel-

oped organelles and a network of microtubules and mi-

crofilaments extending across the cytoplasm and
thickened near the subcortical plasma membrane

(Fig. 10(a) and (b)). After exposure to10 nM erianin for

1 h, HUVECs displayed lesions of the cytoskeleton mi-

crofilaments in the form of perinuclear and subcortical

areas of condensation and depolymerisation. Thickened

but non-continuous and divided microfilaments were

distributed in the cytoplasm and subcortex (Fig. 10(c)–

(e)), and depolymerised microtubules were dispersed
among organelles in erianin-treatedHUVECs (Fig. 10(f )).



Fig. 7. Effect of erianin on migration and adhesion of human umbilical

vein endothelial cells (HUVEC). (a–c) HUVECs seeded on Transwells

were incubated with Dulbecco’s modified Eagle’s medium as control,

10 ng/ml basic fibroblast growth factor (bFGF) alone, and bFGF plus

10 or 100 nM erianin for 24 h. Migrated cells were fixed and stained,

and representative images taken for migrated HUVECs exposed with

(a) 10 ng/ml bFGF, or (b) 10 ng/ml bFGF plus 10 nM erianin. (c)

Quantitative assay counting the average number of migrated cells per

field (100� magnification). Traces indicate means�SEM from tripli-

cate assays ((n ¼ 5–6 for each assay). ��P < 0:01 vs. bFGF treatment

(Student’s t-test). (d) Suspended HUVECs added to fibronectin-coated

wells in the presence or absence of erianin and allowed to attach for 90

min. Adhesive cells were counted after crystal violet staining and data

expressed as the number of attached cells per well. Traces indicate

means�SEM from triplicate assays (n ¼ 6–8 for each assay).
��P < 0:01 vs. control (Student’s t-test).
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4. Discussion

In the present study, we addressed the anti-angio-

genic activity of erianin in vivo and in vitro. In vivo ac-

tivity was assessed in relation to two tumours
representative of carcinoma and sarcoma, hepatoma

Bel7402, and melanoma A375, respectively. The results

showed that 100 mg/kg per day erianin induced a

moderate growth delay in both tumours accompanied

by obvious haemorrhagic necrosis. Other anti-angio-

genic drugs or prodrugs, such as combretastatin A-4,

are also reported to produce only a slight delay in tu-

mour growth, or no measurable effect in some models,
since tumours may continue to grow from the viable rim

that is supplied by the normal tissue vasculature [30],

but combination therapy with traditional chemotherapy

agents induced increased activity [31,32]. One of the

most important properties of angiogenesis inhibitors

may to enhance the anti-tumour efficacy of conven-

tional chemotherapy. In addition, erianin provided a

more effective anti-tumour activity against A375 than
that against Bel7402, as indicated by the more signifi-

cant decrease in tumour weight and increase in TVD

time in the A375 tumour. These differences very prob-

ably result from the fact that there is a more abundant

vascular distribution in the A735 tumour than that in

the Bel7402 (IMD of A735 is approximately 1.4 times

greater than that of Bel7402), which also supports

the notion that erianin exerts its anti-tumour effect via
anti-angiogenesis.

Obvious and extensive haemorrhagic necrosis is ob-

served in tumours after treatment with anti-angiogenic

drugs, due to their direct toxicity toward abnormal

vasculature. In present experiment, massive erianin-in-

duced haemorrhage was clearly discernible at 2 h at a

dose of 100 mg/kg (the dose that caused tumour growth

delay with no obvious toxicity), followed by haemor-
rhagic necrosis at 4 and 24 h. That treatment with eri-

anin-induced early, time-dependent necrosis in relation

to tumoural vascular damage further indicates that this

vascular shutdown might be directly responsible for the

morphological changes. Furthermore, the anti-angio-

genic activity of erianin was confirmed in a CAM assay

in vivo, which demonstrated a potent inhibitive effect of

erianin on spontaneous and bFGF-stimulated neovas-
cularisation/angiogenesis in the chicken embryo.

Recently, strategies for anti-angiogenic drugs were

described as follows: (1) inhibition of endothelial cell

proliferation; (2) interference with endothelial cell ad-

hesion and migration; (3) interference with metallopro-

teinases [33]. According to our present research, erianin

directly interferes with endothelial behaviour, in agree-

ment with our previous finding that erianin induces
metabolic inhibition in HUVECs [17]. That erianin

produced greater toxicity against endothelial cells than

other cells shows a selective property of erianin. The



Fig. 8. Fluorescent microscopic images of F-actin. Confluent or proliferating human umbilical vein endothelial cells were incubated with Dulbecco’s

modified Eagle’s medium in the presence or absence of 10 nM erianin for 1 h, and F-actin was visualised by fluorescent staining. (a) Control confluent

cells; (b,c) control proliferating cells; (d) erianin-treated confluent cells; (e,f) erianin-treated proliferating cells. Images shown are representative of

independent triplicate assays. Bar¼ 10 lM.

Fig. 9. Fluorescent microscopic images of b-tubulin. Confluent or proliferating human umbilical vein endothelial cells were incubated with Dul-

becco’s modified Eagle’s medium in the presence or absence of 10 nM erianin for 1 h, and the b-tubulin visualised by fluorescent staining. (a) Control

confluent cells; (b,c) control proliferating cells; (d) erianin-treated confluent cells; (e,f) erianin-treated proliferating cells. Images shown are repre-

sentative of independent triplicate assays. Bar¼ 10 lM.
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ideal anti-vascular agent might be able to exert potent

effects on both tumour cells and vascular endothelial

cells [34], but those agents so far tested often display a

strong toxicity that limits the actual value of their clinic

application. Generally, a reagent designed to target ab-

normal endothelium might be more valuable, despite a

possibly incomplete anti-tumour effect with a single

administration, if its advantages can be displayed with
combination chemotherapy. In this report, the ability of

erianin to inhibit endothelial tube formation, migration,

and adhesion indicates that it might work at more than

one step in the process of angiogenesis, or that its effect

is common to tube formation, migration and adhesion,
which may also constitute the basis of its anti-tumour

activity.

The data presented here show that erianin not only

has an anti-proliferative effect on endothelium with a

cell-type specificity, but also that this effect is restricted

to proliferating endothelial cells rather than quiescent/

confluent cells, indicating that erianin holds a high se-

lectivity as an anti-vascular agent. Since endothelial cells
lining tumour vessels are proliferating between 20 and

2000 times as rapidly as normal endothelium [35], this

selective sensitivity of erianin toward proliferating en-

dothelium could contribute to its potential therapeutic

applications. Moreover, similar results were obtained in



Fig. 10. Ultrastructure of humanumbilical vein endothelial cells. (a,b)Control; (c–f) after 1-h exposure to 10nMerianin. (a)Cells containwell-developed

organelles and subcorticalmicrofilaments (arrow) extend across them; (b) cells shownormal distribution of cytoskeletonmicrotubules (arrow).After 1-h

treatment with 10 nM erianin, thickened and discontinuous microfilaments (arrow) appear in cytoplasm (c) and subcortex (d,e,f) depolymerised mi-

crotubules (arrow) are seen among the organelles. Representative images taken from triplicate assays (a,b,e: bar¼ 0.2 lM; c,d,f: bar¼ 0.5 lM).
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cytoskeletal studies: (1) non-cytotoxic erianin-induced

cytoskeletal damage was endothelium selective, and is

very likely to be the molecular basis of its anti-vascular/

anti-angiogenic effects; (2) exposure to 10 nM erianin

induced rapid and obvious disorganisation of both

F-actin and b-tubulin in isolated endothelial cells, in-

clined to mitogenesis, rather than confluent ones, im-

plying that direct disruption of the mitotic cytoskeleton
might contribute to the selective cytotoxicity of erianin

toward proliferating endothelium. Further detailed data

were provided by transmission electron microscopy,

which demonstrated that erianin could induce rapid

cytoskeletal lesions in both microfilaments and micro-

tubules in endothelial cells.

The proliferating cells had fewer microtubule-associ-

ated proteins (MAPs) [36], which will reduce microtu-
bule dynamic instability [37], fewer post-translational

tubulin modifications [38], and more isotype spectra in

their tubulins [39], which might otherwise be the intra-

cellular targets for the selective action of erianin in

proliferating endothelium. While tubulin and actin are

in very close association and once one of them is dis-

turbed, the other will not remain unaffected and cannot

maintain the cellular architecture, the possibility that
actin filaments and their regulatory proteins, not tubu-

lin, could be selectively targeted in cancer chemotherapy

is very attractive [40]. Our present findings indicate that

erianin also provides selective activity toward F-actin in

proliferating HUVECs, the detailed molecular mecha-

nism of which remains to be fully understood.

In summary, our current studies provide evidence for

anti-angiogenic activities of erianin: it induced tumour
vascular shutdown in vivo, inhibited angiogenesis in

CAM, abrogated the proliferation of HUVECs, dis-
rupted endothelial tube formation, and abolished cell

migration and adhesion. Erianin disorganised the cyto-

skeleton at a non-cytotoxic dose. All of these findings

hint that, as a novel anti-angiogenic agent, erianin might

be a prototype anti-tumour drug.
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