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Abstract

Angiogenesis, the development of neovessels from pre-existing vessels, is obligatory for solid

tumors survival, growth, invasion, and metastasis. Many anti-angiogenic agents are small molecules

originated from natural sources. Recently, angiosuppressive effects of indirubin and its derivatives, the

active components in indigo-producing herbs, have been shown to possess anti-viral and anti-

inflammatory potentials. In this study, we identified another indirubin derivative, indirubin-3'-(2,3

dihydroxypropyl)-oximether (E804), could exhibit potent angiosuppressive effects. In vitro study

showed that E804 could significantly inhibit human umbilical vein endothelial cells proliferation,

migration, and tube formation in a dose-dependent manner; at the concentration of one micromole or

above, angiosuppressive potency of E804 was found to be more significant than indirubin-3’-oxime.

Using in vivo Matrigel plug model and Directed-in-vivo-angiogenesis-assay (DIVAA), E804 was

shown to attenuate the VEGF/bFGF-induced neovessel formation. The hemoglobin content and the

invaded endothelial cells in the implants were also greatly reduced. Results from the aortic ring assay

indicated E804 could completely suppress ex vivo sprouting of endothelial cells from the rat aorta

fragments; with concomitant reduction of gelatinolytic activities of matrix metalloproteinase-2 and -9.

E804 also dose-dependently inhibited the subintestinal vessels formation in zebrafish embryos. This

study provides the first evidence that E804, a novel indirubin derivative, could more effectively inhibit

angiogenesis. With the improved anti-angiogenic potency when compared with indirubin-3’oxime,

E804 would be a new potential candidate in the treatment of angiogenesis-dependent diseases.

Key words: anti-angiogenesis; indirubin-3’-oxime; E804; HUVEC.
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Introduction

Angiogenesis is a complex and multistep process that involve orchestrated interactions

between angiogenic factors, extracellular matrix (ECM), and endothelial cells. The whole process is

under tight regulation by a series of angiogenic stimulators (e.g. vascular endothelial growth factor,

VEGF) and inhibitors (e.g. pigment epithelium-derived factor, PEDF) [1-3]. It is of key importance in a

broad array of normal physiologic and pathologic processes. For the former case, it would be rarely

found except for embryogenesis, wound healing, and menstruation. In several diseases, such as

atherosclerosis, rheumatoid arthritis, diabetic retinopathy, and solid tumors, uncontrolled and excessive

angiogenesis has been proven as part of the pathogenesis [4-6]. Therefore, anti-angiogenic strategy,

proposed by Folkman in early 1970s, might constitute a new therapeutic approach for the treatment of

such “angiogenic diseases”. In fact, angiogenic therapy is nowadays being considered as a promising

approach for treatment of various cancers. In the period of 2004 – 2006, a variety of anti-angiogenic

drugs such as Macugen (pegaptanib), Lucentis (ranibizumab) and Avastin (bevacizumab) have been

approved by FDA for clinical applications [7-9].

Indirubin, a natural purple pigment, occurs as 3,2’-bisindole, has been shown to be the active

compound of a traditional Chinese medicine, Danggui Longhui Wan, which constituted of 11 plant

ingredients, and was reported to be active for the treatment of chronic myelocytic leukemia [10]. It is

also one of the major components in a series of indigo-producing Chinese medicinal herbs including

Isatis indigotica (Brassicaceae), Strobilanthes cusia (Acanthaceae) and Polygonum tinctorium

(Polygonaceae) that are commonly used for treating respiratory viral infection and other inflammatory-

based diseases [11]. While parent indirubin molecule is derived from the non-enzymatic and

spontaneous dimerization of colourless precursors, isatin and indoxyl, in the indigo-producing plants, a

series of novel derivatives including 5-methyl-indirubin (E224), 5-sulfonate-indirubin (E226),

indirubin-3’-oxime (E231), indirubin-5-sulfonic acid dimethylamide (E233), indirubin-3'-(2,3

dihydroxypropyl)-oximether (E804), 6-bromo-indirubin-3’-oxime (6BIO), 1-methyl-6-bromo-

indirubin-3’-oxime (Me6BIO), and 7-bromo-indirubin-3’-oxime (7BIO) have been synthesized by

various molecular substitution of the parental indirubin backbone with improved solubility, selectivity

and bioavailability. [12-15]. Among these indigoids, indirubin-3’-oxime is the most widely studied

indirubin derivatives. It has been shown to inhibit cyclin-dependent kinases (CDKs), glycogen synthase
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kinase (GSK)-3 and activate aryl hydrocarbon receptor (AhR) that finally result in growth inhibition in

various human cancer cells, such as MCF-7, HBL-100 breast cancer cells, HT-29-18-C1 colon

adenocarcinoma, haematopoietic cell lines Jurkat, and A498, CAKI-1, CAKI-2 renal cancer cells [15-

19]. It could also suppress autophosphorylation of fibroblast growth factor receptor (FGFR)-1 but

stimulate of extracellular signal-regulated kinase (ERK1/2) activity through p38 mitogen-activated

protein kinase [20]. On the other hand, E804, the focus of this study, was shown to inhibit signal

transducer and activator of transcription (STAT) 3 in MDA-MB-468 and -435 human breast cancer

cells and DU145 prostate cancer cells through direct inhibition of Src kinase activity and tyrosyl

phosphorylation [13]. Besides, it could also reduce the growth of human HCT-116 colon cancer cells,

MCF-7 breast cancer cells and LXFL529L lung carcinoma cells through CDK/cyclin inhibition [12].

Recently, both indirubin and indirubin-3’-oxime have been shown to exert suppression on endothelial

cells proliferation, migration and tube formation [21-22]. Moreover, studies showed that indirubin’s

effect was due to blocking VEGFR2-mediated JAK/STAT3 signaling in endothelial cells, while

indirubin-3’-oxime was  suggested to act through inhibiting CDKs, AKT, p38, ERK1/2 activities [23].

For the in vivo studies, indirubin has been shown to inhibit intersegmental vessel formation in zebrafish

embryos and neovascularization in chick chorioallantoic membrane (CAM) assay and mouse corneal

model; and indirubin-3’-oxime was shown to inhibit the angiogenesis in aortic rings and Matrigel plugs,

respectively [23-24].

Nowadays, many researches have been focused toward discovering anti-tumor/ anti-

angiogenic compounds from natural sources, or structurally modified form of their parent

phytochemicals.  This study provides the first evidence that E804, another novel indirubin derivative, is

able to inhibit angiogenesis in vitro and in vivo. We showed that it could suppress endothelial cells

proliferation, migration, tube formation; and attenuate in vivo neovascularisation in Matrigel plug and

DIVAA assays, and subintestinal vessel formation in zebrafish embryos in a dose-dependent manner.

Moreover, this study emphasized the improved potency of E804 on angiosuppression when comparing

with indirubin-3’-oxime. With this advancement, E804 would be a new potential candidate in the

treatment of angiogenesis-dependent diseases.
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Discussion

Indirubin, a naturally occurring purple pigment, and its derivatives collectively refer to as

indigoids, form a class of chemicals with cultural, historical, and pharmaceutical importance. They are

the major components in the Chinese medicinal herbs Banlangen, a common name refers to the indigo-

producing Chinese medicinal herbs including I. indigotica, S. cusia and P. tinctorium. Previously,

indirubin was firstly recognized by its anti-inflammatory effects on the treatment of viral infection such

as influenza and mumps [11]. Apart from that, indirubin and its derivatives have been shown to possess

marked anti-tumor effects in various models [13]. Among these indigoids, indirubin-3’-oxime, is the

most widely studied and has been demonstrated as a promising anti-cancer agent. Besides, both

indirubin-3’-oxime (E231) and indirubin-3'-(2,3 dihydroxypropyl)-oximether (E804) were shown to

inhibit the growth of different human cancer cells through cell cycle arrest and apoptosis induction [12,

15-19].

Recently, various indigoids have been shown to possess anti-angiogenic ability [21-22,24,32].

Alex et al showed that indirubin dose-dependently inhibited HUVECs proliferation and intersegmental

vessel formation in zebrafish embryos; while Kim et al demonstrated that indirubin-3’-oxime not only

inhibit in vitro proliferation and tubular formation of HUVECs, but also suppress neovascularization in

mice Matrigel plug model and endothelial sprouting in ex vivo organ culturing of rat aortic fragments.

Moreover, Xiao et al showed that another indigoid, meisoindigo, could attenuate angiogenesis in vitro

and VEGF secretion. These findings proposed the potential of indigoids to act as anti-angiogenic

agents. In fact, emerging evidence suggested that aberrant angiogenesis plays significant role in the

pathogenesis of many diseases including solid tumors, rheumatoid arthritis and psoriasis [4-6]. In the

case of psoriasis, the disease pathogenesis is attributed to aberrant keratinocytes or endothelial cells

signaling. Formation of new blood vessels and increase of dermal vascularity start the psoriatic changes

that accompany with “red spots” which is a sign of excessive angiogenesis [33]. Yet, clinical studies

showed that indirubin and indigo naturalis could significantly reduce psoriatic plaque lesions [34-35].

Definitely, such therapeutic efficacy would be partly attributed to the anti-angiogenic ability of the

active ingredients - indirubin and indigo naturalis. However, there was no evidence yet to show the

angiosuppressive effect of indirubin derivatives, E804.
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surrounding Matrigel in the presence of endothelial cell growth supplement (ECGS), and finally form a

filamentous like microvessel outgrowths. Unlike indirubin-3’-oxime, E804 could completely attenuate

these endothelial sprouting. Besides, it is well known that matrix metalloproteinases (MMPs) are

critical in the initial step of angiogenesis; they regulate ECM re-organization, break down the stroma

and ECM proteins, and allow the EC to invade the matrix and migrate towards the growth factors [38-

39]. Thus, the condition medium of aortic ring assay was collected for the measurement of gelatinolytic

activities of MMP-2 and -9. Concomitant result was observed that E804 could suppress MMP-2 and -9

activities.  In order to demonstrate the angiosuppressive ability of E804 more clearly, zebrafish model

was employed. Through this assay, the morphology and number of newly formed blood vessels in fish

embryo could be clearly observed after staining. Data showed that the subintestinal vessel basket was

greatly reduced in size in the presence of E804, and the neovessels were less dense and spiked. This

indicated that E804 could effectively inhibit in vivo angiogenesis.

Although direct mechanism of the angiosuppressive effects induced by indirubin are still

elusive, mechanistic studies revealed that indirubin and its derivatives are indeed high affinity ligand of

AhR, and potent inhibitor towards CDKs, STAT3, and GSK-3.  Ligand-activation of AhR can induce

p27kip1 expression, an inhibitor of CDK2, which in turn lead to cell cycle arrest. Besides, the potent

inhibitory effect of indirubin derivatives on ATP-binding pocket of various kinases such as CDKs may

also lead to reduced cell proliferation or even cell death [40-41]. With these lines of evidence, the

angiosuppressive effects of indirubin derivatives may due to the anti-proliferative effects on endothelial

cells. The additional hydroxyl group of E804 may enhance its solubility and bioavailability, so as to

improve the binding to its intracellular target, resulting in a differential angiosuppressive effects.

Angiogenesis is a complicated and obligatory process for the pathogenesis of many diseases.

Several anti-angiogenic drugs have been applied in clinical purpose, meanwhile, many

angiosuppressive agents are under different phases of tests and clinical trials. In fact, many of these

potential drug candidates are natural in origin. They would be original natural products, products

derived semi-synthetically from natural products or synthetic products based on natural product models

[42].  Moreover, they play significant role in the drug discovery and development process. This was

commonly found in the field of infectious diseases and cancers, in which, 60% and 75% of these drugs,
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respectively, were shown to be of natural origin [43-44]. There is no doubted that both indirubin-3’-

oxime and E804 are both herbal origin, and exhibit differential angiosuppressive ability. Accumulated

data showed that indirubin molecular template provides a fascinating perspective towards

angiosuppressive agents, potentially leading to highly promising angiosuppressive drugs.

In conclusion, indirubin analog E804 was shown to exhibit angiosuppressive effects in vitro,

in vivo and ex vivo. With the advancement in chemical structure, the angiosuppressive potency of E804

is largely increased. It would be a new potential candidate in the treatment of angiogenesis-dependent

diseases.
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