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ABSTRACT 

Abstract of the thesis entitled: 

Biological effects of herbal molecules in ocular neovascularization: in vitro and in vi-

vo studies 

Submitted by Huan Ming LIU 

For the degree of Doctor of Philosophy 

At The Chinese University of Hong Kong in August 2010 

Angiogenesis is a process of new blood vessels sprouting from the pre-existing vascu-

lature, and mediated by multiple angiogenic and anti-angiogenic factors. Disturbance of the 

balance often leads to development of neovascular diseases. Neovascularization affecting 

the eye is a common cause of visual impairment and even blindness, particularly when cor-

neal or choroidal neovascularization (NV) is involved. While there are effective treatment 

modes for ocular neovascularization, they are expensive and only inhibit disease progress. 

Since herbal medicine has been applied for anti-angiogenesis and anti-carcinogenesis thera-

pies, we investigate the anti-angiogenic effect of selected herbal molecules: isoliquiritigenin 

(ISL), a flavonoid from licorice; epigallocatechin gallate (EGCG), a polyphenol from green 

tea; and resveratrol (Rst), a polyphenol phytoalexin derived from grapes. 

This thesis contains two major parts. The first in vitro cell-based analysis investigated 

the toxicity of these herbal chemicals and their effect on endothelial cell growth and migra-

tion. The expression profile of vascular endothelial growth factor (VEGF) signaling cascade 

events, including Akt and focal adhesion kinase (FAK) activation, VEGF, pigment epithe-

lium-derived factor (PEDF) and matrix metalloproteinases (MMPs) were examined by 



Western blotting. Then three in vivo models were established to study the effect of these 

herbal chemicals on angiogenesis. They were (1) developmental angiogenesis in chick cho-

rioallantoic membrane (CAM), (2) pathological angiogenesis in silver nitrate cauteriza-

tion-induced corneal neovascularization in BALB/c mice and, (3) laser photocoagula-

tion-induced choroidal neovascularization in C57BL/6 mice. Changes of vascularization 

were determined by qualification of vessel number changes on the edge of gelatin sponge in 

24 hours (chick CAM assay), measurement of vascularized area, live imaging of vessel 

leakage (fundus fluorescence angiography, FFA) and immunochemistry using antibodies 

specific for endothelial cells (corneal & choroidal NV assays) respectively. 

Results showed that sub-toxic levels of lSL (10 jiiM), EGCG (50 |iM) and Rst (10 |iM) 

effectively suppressed endothelial cell proliferation and migration in the scratch-wound 

assay. Treatment with ISL was found to significantly up-regulate PEDF, which is known as 

a potent angiostatic factor. EGCG and Rst downregulate VEGF signaling cascade by sup-

pressing Akt and FAK activation and affecting MMP-2, MMP-9 expression. In vivo angio-

genesis assays further showed the suppressive effect of ISL, EGCG and Rst on neovascu-

larization in three different animal models. Application of ISL at 1 jiM showed the suppres-

sive effect on chick CAM assay, corneal NV and choroidal NV assays consistently, the most 

effective dosage was close to 10 ^iM. EGCG at 1 \iM showed the effect to reduce chick 

CAM vessel formation and corneal NV, and at 10 |xM (the lowest tested concentration) to 

suppress choroidal NV in mice. Variable effects were observed in Rst treatment. Rst at 10 

|iM prohibited vessel growth in chick CAM，and 1 jiM suppressed corneal NV formation 

and 2 îM deterred choroidal NV development. 

In conclusion, by in vitro and in vivo studies, we showed that ISL, EGCG and Rst con-

tributed to anti-angiogenesis via different biological mechanisms. We propose that these 

three herbal molecules (ISL, EGCG and Rst) are candidate anti-angiogenic agents for the 



treatment of ocular angiogenesis diseases. Their distribution profiles and pharmacokinetic 

properties should be investigated. 



摘要 

此摘要取自論文題 

《中藥分子對眼部新生血管生物作用的體内、體外的研究分析》 

於二零一零年八月 

呈交自劉換明 

作為香港中文大學眼科及視覺科學哲學博士學位的結業所需 

新生血管形成是指新的血管從已經存在的血管上發芽形成的過程，是由多種促進 

因子和抑制因子來調控的，並保持一種平衡的狀態，如果這個平衡被打破了，就會導 

致新生血管性疾病’發生於眼部就會導致視力受損，或者失明，特別是生長於角膜或 

脈絡膜的新生血管。當然目前有一些有效的抑制眼部新生血管的藥物，但價錢昂貴， 

並且只抑制疾病的進程。因爲中藥已經用於抑制新生血管形成和抗腫瘤治療’我們就 

來探究這些一定原則選擇的中藥分子，包括從甘草中提取的異甘草素、綠茶中提取的 

表沒食子兒茶素，和從葡萄中提取的白藜蘆醇的抑制新生血管形成的作用。 

這篇論文就包括兩個方面的主要內容。第一：以細胞爲基礎的體外硏究來探究這 

些中藥化學物的細胞毒性及其內皮細胞生長和遷移。這些中藥化學物對血管内皮生長 

因子的信號傳導係統的影響，括啟動Akt, FAK途徑，以及對VEGF，PEDF，和MMP 

的表達的調節，則是通過應用Western blotting來分析。第二 ：通過建立三種體內實驗 

的動物模型來進一步硏究這些中藥化學物對新生血管形成的作用，分別是（1 )雞胚 



賊毛尿囊膜模型來研究這些藥物對發展期新生血管形成的影響，(2)以BALB/C鼠爲基 

礎的銷酸銀角膜灼傷模型和（3)以C57BL/6鼠為基礎的鐳射誘發的脈絡膜視網膜病 

變模型來研究藥物對病理的新生血管形成的影響。血管的變化在雞胚滅毛尿囊膜模型 

以計數24小時時間間隔明膠海綿邊緣的血管数目的增減來決定在角膜灼傷模型或者 

鍾射誘發脈絡膜模型，則是由測量血管化的面積或通過活體眼底螢光血管造影檢查來 

評估血管的滲漏情況來判斷。 

實驗結果顯示，亞毒性濃度水準的10 |iM異甘草素、50^1]^1表沒食子兒茶素和10 

|uM白藜蘆醇有效地抑製了臍靜脈内皮細胞的增殖與在傷口癒合模型中遷移。異甘草 

素能有效地上調色素上皮生長因子（新生血管抑製因子之一）的分泌，表沒食子兒茶 

素和白藜蘆醇則抑製Akt和FAK的啟動，影響基質金屬蛋白酶2和基質金屬蛋白酶9 

的表達和啟動。體内實驗模型通過雞胚滅毛尿囊膜模型，确酸銀角膜灼傷模型，鍾射 

誘發的脈絡膜視網膜病變模型進一步證實了這三種中藥分子在低濃度的狀態下可以 

有效地抑製新生血管的形成，且抑制效果呈濃度依賴性。異甘草素在低濃度l^lM狀 

態下，顯示出有效抑制三種動物模型中新生血管的形成。沒食子兒茶素在ImM抑製 

雞胚,絨毛尿囊膜模型，硝酸銀角膜灼傷模型的新生血管形成，和在lO^iM (最低測試 

濃度）抑制脈絡膜新生血管的形成。我們觀察到白藜蘆醇在三種動物模型與上述兩種 

藥物不同的抑製效果。白藜蘆醇在lOpM有效抑製雞胚絨毛尿囊膜的血管形成，l^iM 

抑製角膜新生血管的形成，2^1河抑製脈絡膜新生血管的形成。 

總而言之，通過體內和體外實驗硏究，我們證實了異甘草素、表沒食子兒茶素和 

白藜蘆醇通過不同的生物機制有效地抑制了新生血管的形成。我們建議這三種中藥分 

子可以用於抑制眼部新生血管疾病的治療。它們的藥代動力學和在組織内的分佈還有 

待進一步的研究。 
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CHAPTER 1 

INTRODUCTION 

1.1 Angiogenesis 

1.1.1 Definition and characterization 

Angiogenesis is a complex biological process responsible for the formation and 

development of new blood vessels from a pre-existing vascular network, which car-

ries oxygen and nutrient to cells and tissues. The development and maturation of new 

blood vessels requiring successive activation of various receptors and ligands and the 

finely adjusted balance between multiple stimulating and inhibitory signals，however, 

their imbalance often lead to deregulated angiogenesis and leakages associated with 

disease manifestation. In development and normal physiological processes, such as 

embroyonic development, reproduction, and repair or regeneration of tissue during 

wound healing (Folkman et al., 1995), angiogenesis is regulated by endogenous ac-

tivators and inhibitors. Within adult animals, the levels of endogenous mediators are 

balanced and endothelial cells (ECs) are largely quiescent (Ferrara et al., 2004; 

Hoeben et a l , 2004; Roskoski et al.，2007). In pathological settings, shifts in the 

equilibrium between angiogenic stimulators and inhibitors are linked to a broad 

range of angiogensis-dependent disease, including tumors and non-neoplastic dis-

eases like atherosclerosis, age-related macular degeneration, diabetic retinopathy and 

rheumatoid arthritis (Garner et al., 1994). Conversely, insufficient angiogenesis un-

derlies conditions such as cardiovascular disease, stroke and delayed wound healing, 

where inadequate blood-vessel growth leads to poor circulation and tissue death. 
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1.1.2 Cellular and molecular mechanisms of angiogenesis 

There are two distinct mechanisms responsible for neovascularization: vascu-

logenesis and angiogenesis. Vasculogenesis is the in situ differentiation of endothe-

lial cell precursors (the angioblasts) from mesoderm-derived precursor cells (heman-

gioblasts) (Poole et al.，1989), gives rise to the heart and the first primitive vascular 

plexus inside the embryo and in its surrounding membranes, as the yolk sac circula-

tion. In contrast, angiogenesis is the formation of capillaries (new vessels) from the 

pre-existing vessels in embryo and adult organisms (Patau et al., 1997). These newly 

formed vasculatures are further restructured to a more mature form with tree-like ar-

chitecture comprising large and small vessels (Patan et al., 1997). Angiogenesis 

comprises two different mechanisms: endothelial sprouting and intussusceptive mi-

crovascular growth. The sprouting process is based on endothelial cell migration, 

proliferation and tube formation. Intussusceptive microvascular growth divides ex-

isting vessel lumens by the formation and insertion of tissue folds and columns of 

interstitial tissue into the vessel lumen. They are termed as the interstitial or in-

ter-vascular tissue structures and tissue pillars or posts. Intussusception also includes 

the establishment of new vessels by in situ loop formation in the wall of large veins. 

The cellular mechanisms, the molecular regulation of angiogenesis in the pa-

thological state as well as and the differences of physiological and pathological an-

giogenesis are summarized. 

1.1.2,1 The cellular mechanisms of angiogenesis: 

Angiogenesis are comprised of two distinct processes after the formation of 

primary vascular plexus: sprouting of endothelial cells from pre-existing capillary 

and non-sprouting angiogenesis or splitting of vessel lumens by intussusceptive mi-
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crovascular growth. 

The sprouting process consists of several consecutive steps that have been de-

scribed by different studies (Ausprunk et al, 1974; Folkman et al., 1982; 1985; 

986): 

1) New capillaries originate from small venules or from other capillaries. 

2) Local degradation of basement membrane on the side of venule closest to the 

angiogenic stimulus (including collagenase, plasminogen activators). 

3) Migration of endothelial cells toward the angiogenic stimulus. 

4) Alignment of endothelial cells in bipolar mode. 

5) Formation of a lumen (intra-cellular from vacuoles or intercellular) and en-

dothelial cell mitosis distant to the leading tip of the sprout. 

6) Loop formation by the connection of individual sprouts. 

7) Flow begins after loop shave formed. 

8) Pericytes or smooth muscle cells eventually align along the endothelial cell 

outside the capillary (vessel wall maturation). 

(9) Formation of new basement membrane. 

1.1.2.2 The intussuceptive mode of angiogenesis: 

The process are summarized in the following steps (Pardanaud et al., 1989; 

Patan et a l , 1993; Patan et al., 1996; Patan et al., 1997; Tardy et a l , 1997): 

(1) Growth occurs predominantly on the venous side - intussuception. 

(2) The endothelial layer retreats successively around an organized unit of inter-

stitial tissue (the pillar core) located in the vessel wall. 

(3) Pillar separation from the tissue fold，the division of an interstitial or in-

ter-vascular tissue structures and the thinning of endothelial cells are critical to form 
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free intraluminal structures or tissue pillars as well as to the in situ formation of ves-

sel loops (Pardanaud et al.，1989). 

(4) The synthesis of collagen fibers from peri-endothelial cells (pericytes and 

smooth muscle cells) is an obligate step to form the interstitial or inter-vascular tissue 

structures or pillar core and stabilize it. It is yet unknown which types of collagen are 

involved (Pardanaud et al., 1989; Patan et al,，1993). 

(5) Endothelial cell multiplication may occurs. 

(6) Flow is permanently present during all these steps. 

(7) Finally a basement membrane is formed. 

1,1,2,3 Molecular regulation of angiogenesis 

In general, the molecular regulation of angiogenesis contains two major groups: 

angiogenic molecules and angiostatic molecules (angiogenic inhibitors). They are 

acting at different steps of angiogenesis process and they work in a finely adjusted 

balance to maintain the angiogenic homeostasis. An imbalance of either group of 

molecules in any particular step of vessel formation will lead to deregulated vessel 

formations and sproutings. This is often associated with disease manifestations and 

tissue damages. 

1.1.3 Angiogenesis and its regulatory proteins 

Physiologically, angiostatic mediators outweigh the angiogenic molecules and 

angiogenesis does not occur. Under certain conditions, such as tumor formation or 

wound healing, the positive regulators of angiogenesis predominate and the endothe-

lium becomes activated. Angiogenesis is initiated by vasodilatation and an increased 
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permeability. After destabilization of vessel wall, endothelial cells proliferate, mi-

grate and form a tube, which is finally stabilized by pericytes and smooth muscle 

cells. Numerous soluble growth factors and inhibitors, cytokines and proteases as 

well as extracellular matrix proteins and adhesion molecules strictly control this mul-

ti-step process. The properties and interactions of angiogenic molecules such as fi-

brobast growth factor (acidic FGF-1 and basic FGF-2), hepatocyte growth factor 

(HGF), vascular endothelial growth factor (VEGF), transforming growth factor alpha 

(TGF-a), and interleukin-8 (IL-8) (Ware et al , 1997). Additionally, an important role 

in angiogenesis has been established for the tie/Angiopoietin and the Eph-B/ephrin-B 

system of tyrosine kinase receptors and their ligands (Suri et al., 1996; Davis et al., 

1996; Wang et al., 1998; Adams et al , 1999) as well as the angiostatic key players 

including angiostatin, endostatin, thrombospondin, angiopoietin 2, transforming 

growth factor (TGF) p, tumor necrosis factor (TNF) a, CXC chemokines without 

ELR motif, thrombospondin (TSP)-l, TSP-2, matrix metalloproteinase family 

(MMPs), and pigment derived growth factor (PEDF) (Distler et al., 2000). 

1.1.4 Vascular endothelial growth factor (VEGF) 

Over the past decade, members of vascular endothelial growth factor (VEGF) 

gene family and their receptors have been extensively studied. It is well supported 

that they play an important role in the growth and differentiation of vascular as well 

as lymphatic endothelial cells. 

The VEGF gene family are comprised of seven subtypes including VEGF-A, 

placenta growth factor (PIGF)，VEGF-B, VEGF-C, VEGF-D and the parapoxvirus 

genome encoded virus VEGF (viral VEGF, also referred as VEGFE) and recently 

identified snake venom-derived VEGF (also referred as VEGFF). 
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In particular, VEGF-A, also referred to as VEGF, is an endothelial cell-specific 

mitogen and an angiogenic inducer as well as a mediator of vascular permeability 

(Ferrara et al.，2004). It is a major regulator of physical and pathological angiogene-

sis, including that associated with tumors, arthritis and several intraocular diseases 

(Gamer et al., 1994; Folkman et al., 1995; Ferrara et al., 2004; Hoeben et al., 2004; 

Roskoski et al , 2007. Furthermore, VEGF is a critical inducer for the development 

of embryonic vasculogenesis: inactivation of even a single VEGF allele resulted in 

defective angiogenesis and early embryonic lethality (Carmeliet et al., 1997). 

1. L 4,1 VEGF isoforms 

The murine VEGF-A gene is highly conserved, with three splice variants, 

VEGF 120, VEGF164 and VEGF188, equivalent to the human VEGF121, VEGF 165 

and VEGF 189 isoforms, respectively (Ng et al., 2001). Nine major VEGF-A iso-

forms have been identified in human: VEGF121, VEGF145, VEGF148, VEGF162, 

VEGF 165, VEGF 165b (an endogenous inhibitory isoform that binds to VEGFR2 

with similar affinity to VEGF 165 but does not activate the receptor), VEGF 183， 

VEGF 189，and VEGF206 (Neufeld et al.，1999). These isoforms are produced by 

alternative exon splicing of the human VEGF-A gene on chromosome 6p21.3.1 

(Takahashi et al.，2005). An important characteristic of VEGF isoforms is their abil-

ity to bind to heparin, and this ability defines whether the secreted protein is in the 

extracellular matrix and become accessible for the interaction with other cell types. 

VEGF 165 and longer isoforms consist of two major domains: a VEGF recep-

tor-binding domain that is present in all VEGF-A isoforms and a heparin-binding 

domain that is absent in the shorter diffusible isoforms. Longer isoforms, such as 

VEGF 189 and VEGF206, bind to the extracellular matrix via the heparin-binding 
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domain (Lee et al., 2005). The VEGF165 isoform is intermediate, and exists as both 

diffused and partly extracellular matrix-bound forms (Houck et al., 1992; Park et al‘， 

1993). VEGF165 is the most abundantly expressed VEGF-A isoform and has a vital 

role in angiogenesis (Keyt et al., 1996; Soker et al., 1998). There was another study 

showing that VEGF121, although less abundant, was more mitogenic than VEGF165 

or VEGF189 (Zhang et a l , 2000). All VEGF-A isoforms, except VEGF121, contain 

a plasmin cleavage site and theoretically may be cleaved by plasmin to generate the 

smaller VEGFllO form (Takahashi et al., 2005; Keyt et al., 1996). VEGFl 10 stimu-

lates endothelial cell growth and induce vascular permeability in the Miles assay 

(Houck et al., 1992); however, its mitogenic potency is less than that of VEGFl65 

(Fairbrother et al., 1998). VEGF121, VEGF165, VEGFl83 and VEGFl89 are dis-

tributed widely in tissue, with VEGFl65 having the most abundant expression. In 

contrast, VEGFl45 and VEGF206 are less abundant. 

LL4,2 VEGFreceptors 

Member of the VEGF family exert their biological effect via interaction with 

receptors located on endothelial cell membrane. Five receptors have been identified 

that bind to different VEGF isoforms: three belong to the receptor tyrosine kinase 

(RTK) family and are called ^m^-like tyrosine kinase-1 (Flt-1, also known as 

VEGFR-1) (Neufeld et al., 1999; Dor et al , 2001), kinase insert domain-containing 

receptor (KDR, VEGFR-2) (Shibuya et al., 1990; Davis et al., 1996) and Flt-4 

(VEGFR-3) (Matthews et al , 1991; Terman et al, 1991; Millauer et al, 1993). The 

others are non-tyrosine kinase-type receptors neuropilin-1 (NP-1) and neuropilin-2 

(NP-2), which are believed to function as co-receptors for some VEGF subtypes and 

their isoforms (Gluzman-Poltorak et al , 2001). 
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All VEGFR receptors are highly homologous (Shibuya et al., 1990; Alitalo et a l , 

2002). Like all RTK，VEGF receptors are transmembrane proteins with a single 

transmembrane domain. The extracellular region of VEGFR is formed by seven im-

munoglobulin-like domains (Ig I-VII)，whereas the intracellular part exhibits tyrosine 

kinase activity, and the tyrosine kinase domain in these receptors is separated into 

two fragments (TK-1 and TK-2) by an inter-kinase insert (Shibuya et al., 1990; 

Terman et al., 1991). 

Each VEGF subtype selectively binds to some of these receptors, often with 

different affinities and selectivities, thereby this demonstrates the diversity of the bi-

ological functions exerted by VEGFs. VEGF-A signals through two receptor tyrosine 

kinases, VEGFR 1 and VEGFR2, and is the only member of the VEGF gene family 

found to be induced by hypoxia (Yonekura et al., 1999). VEGF-B selectively binds to 

VEGFR 1 and has a role in the regulation of extracellular matrix degradation, cell 

adhesion and migration (Olofsson et al., 1998). Both VEGF-C and VEGF-D bind to 

VEGFR2 and VEGFR3 and regulate lymphangiogenesis, and VEGF-C may also be 

involved in wound healing (Olofsson et al., 1998; Stacker et al., 2001; Bauer et al , 

2005). PIGF selectively binds to VEGFRl (Olofsson et al., 1998) and is the most 

abundantly expressed VEGF family member in endothelial cells (Yonekura et al., 

1999). It potentiates VEGF-A to induce endothelial cell proliferation (Ferrara et al., 

2002), but on its own PIGF exerts only weak mitogenicity (Yonekura et al., 1999). 

1.1.5 VEGF signaling pathway (Figure 1) 

Regulation of endothelial cell in angiogenesis is the result of a very complex 

network of intracellular signalling systems that trigger, control and terminate the 

process (Mariotti et al., 2006). The transition from a quiescent to an angiogenic phe-

8 
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notype in endothelial cells is governed by the activation of several signal transduc-

tion pathways as a response to specific stimuli. One of the earliest events in angio-

genesis is the up-regulation of endothelial proteolytic enzymes, which degrade the 

basal lamina underneath the endothelium. The Ras-MAPK pathway is pivotal be-

cause it targets the zinc-finger transcription factors Ets-1, which plays a key role in 

activating the proteolytic system (Mariotti et al.，2006). After the matrix degradation 

by proteases, the endothelial cell migration occurs. A key role is played by small 

GTPase and cytosolic tyrosin kinases, which must be activated to stimulate the for-

mation of focal adhesions, a pre-requisite for endothelial migration. Indeed, 

VEGFR-2 activates the focal adhesion kinase (FAK) that regulates the organization 

of cytoskeleton and recruits other molecules, including the tyrosine kinase Src 

(Eliceiri et al., 2002). In short, signaling molecules associate with focal contacts the 

small GTPases Rho and Rac control cytoskeletal dynamics as well as polarization 

and migration. 

Following migration, endothelial cells begin to proliferate, an event mainly me-

diated by the extracellular signal-regulated kinase mitogen-activated protein kinases 

(ERK-MAPK) cascade, which is activated by different signal transduction pathways 

including phospholipase C gamma and the small GTPase Ras (Schonwasser et al，. 

1998). VEGFR-2 and FGF receptors, with the contribution of integrins, activate 

these signal transducers. This leads to translocation of the activated ERK-MAPK to 

the nucleus and the induction of several transcription factors involved in cell prolif-

eration (Mariotti et al., 2006). 

After migration and proliferation, endothelial cells should return to quiescence, 

survive, undergo a morphogenetic program and recruit to perivascular cells. This is 

the convergence point for integrin-mediated interactions with the extracellular matrix 
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and soluble factors such as VEGF and FGF (Mariotti et al.，2006). Although the sig-

naling mechanisms controlling these latter steps are less known, p38 MAPK and 

JNK pathways seem to be involved. PI3 kinase/Akt pathway is mainly responsible 

for endothelial cell survival (Mariotti et a l , 2006). 

1.1.6 Endothelial cells and role in angiogenesis 

The initiation of angiogenic cascade from a pre-existing vascular network re-

quires selective departure of individual endothelial cells from differentiated capillar-

ies. The process entails the activation of specific signaling pathways that enable en-

dothelial cells to exit their vessel of origin, invade the underlying stroma and initiate 

a new vascular sprout. Two major signaling pathways: VEGF and Notch, coordinate 

this process to select a subset of leading endothelial cells, referred to as tip cells. 

These cells display long filopodia and are highly migratory, but remain linked to 

their followers, the stalk cells. The stalk cells constitute the body of sprout and pro-

liferate in response to VEGF to increase the length of incipient capillary. It is the co-

ordination of Notch and VEGF signaling that regulates the extent to which cells be-

come leaders (tip cells) and which become followers (stalk cells). Activation of 

Notch represses the tip cells in favor of the stalk cell phenotype, in part, by regulat-

ing the level of VEGFR2. The resolution of endothelial activation phase requires 

synthesis and organization of the basement membrane and the recruitment of peri-

cytes and smooth muscle cells (Iruela-Arispe et al” 2008). 

During angiogenesis, stimuli that promote proliferation of endothelial cells 

outweigh the effects of angiostatic factors. Angiogenic molecules include members 

of VEGF- and FGF families, angiopoietin 1 and 2，angiogenin, epidermal growth 

factor (EGF)，CXC-chemokines and insulin-like growth factor-1 (IGF-1). VEGF and 

the angiopoietins appear to be specific mitogens for endothelial cells, whereas FGFs, 

10 
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angiogenin, EGF, CXC-chemokines and IGF-1 induce proliferation in a wide variety 

of cell types (Imela-Arispe et al.，2008). The proliferating endothelial cells migrate 

along a gradient of chemotactic agents through the disintegrated basement membrane 

into the remodeled and softened perivascular space. 

11 
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1.2 Deregulated angiogenesis in eye diseases - ocular ne-

ovascularization 

Ocular neovascularization, the abnormal growth of blood vessels in the eye, is 

associated with the vast majority of eye diseases that cause transient or permanent 

loss of vision. The most common type of ocular neovascularization is corneal ne-

ovascularization in the anterior segment and it is mainly due to inflammation, limbal 

stem cell degeneration, or traumatic corneal disorders. Choroidal neovascularization 

in the posterior part of eye is commonly associated with age-related macular degen-

eration (AMD), a leading cause of vision loss in the elderly over 65 years old. 

1.2.1 Corneal neovascularization in corneal surface wounding 

The cornea, the transparent "windscreen" of the eye, is one of the few avascular 

tissues of the human body (Cursiefen et al., 2006). Corneal clarity and avascularity 

are important for the proper optical performance of the cornea (Chang et al., 2001) 

and are actively maintained in all animal species that require high visual acuity 

(Chang et al.，2001; Cursiefen et al., 2004). This so-called "angiogenic privilege" of 

the cornea is therefore evolutionary highly conserved and supported by multiple mo-

lecular mechanisms (Ambati et al., 2006; Cursiefen et al., 2005; 2006; 2007), Cor-

neal epithelium generates corneal antiangiogenic factors and antiangiogenic MMPs 

that counterbalance the NV stimuli, which promote corneal NV through breakdown 

endothelial cell membrane, degradation of corneal antiangiogenic factors and tran-

scriptional upregulation of VEGF, and help maintain corneal angiogenic privilege 

12 
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(Azar et al., 2006). 

1,2,1 A Epidemiology of corneal neovascuarization 

Several corneal diseases have the symptomic pathological corneal neovascu-

larization and reduced corneal transparency. The severity can also affect the survival 

of corneal transplants, if performed, and eventually results in irreversible blindness. 

Corneal NV may occur during corneal surface injuries associated with several 

inflammatory, infectious, degenerative, and traumatic corneal disorders, including 

corneal graft rejection, infectious keratitis, contact lens-related hypoxia, alkali bums, 

stromal ulceration, aniridia, and limbal stem cell deficiency (Chang et al , 2001; Azar 

et al , 2006). 

It is associated with the second most common cause of blindness worldwide 

(trachoma) and also with the most common form of corneal blindness in industrial-

ized countries (herpetic keratitis) (Lee et al., 1998). Ocular surface disease, espe-

cially those leading to corneal NV poses a serious public health that is concerning 

with considerable morbidity. The incidence of corneal NV in US stands at about 1.4 

millions or affecting 4% of the population (Lee et al., 1998). The dreaded complica-

tions of corneal NV include corneal edema, lipid deposition, scarring and reduced 

chances of successful corneal grafts. Thirty per cent of vascularized corneas face 

with the risk of graft failure following penetrating keratoplasty, making it imperative 

to identify the molecular mechanisms that may be targeted to prevent or retard its 

progression (Cursiefen et al., 1998). 

The balance between angiogenic and antiangiogenie factors may be tilted in fa-

vor of NV due to the upregulation of angiogenic factors and/or the downregulation of 

antiangiogenic factors (Folkma et a l , 1992; Beck et a l , 1997; Kato et al , 2001). 

13 
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1,2.1,2 Molecular mediators of corneal neovascularization 

In cancer angiogenesis research, a balance was shown to exist between angio-

genic factors (such as fibroblast growth factor and vascular endothelial growth factor) 

and anti-angiogenic molecules (such as angiostatin, endostatin, or pigment epithe-

lium derived factor) (Chang et al., 2001). Growth factors of VEGF family (VEGF 

A, C, and D) have been identified as key players in both inflammation-driven hem-

and lymphangiogenesis on the normally avascular cornea (Amano et al , 1998; 

Cursiefen et al., 2004). The pathogenesis of corneal NV may be influenced by matrix 

metalloproteinases and other proteolytic enzymes (Azar et al., 2006). Lipids also 

play important roles in the complex inflammatory processes that occur after corneal 

wounding (Bazan, 2005). Recently Roundabout receptor protein (Robo4), which has 

an established role in neuronal guidance, was expressed in murine vascular endothe-

lial cells during embryogenesis (ParkK et a l , 2003). Robo4 is unique in that it is re-

stricted to endothelial cells, especially at sites of angiogenesis. The soluble extracel-

lular domain of Robo4 receptor inhibits murine VEGF-induced and bFGF-induced 

endothelial cell migration (Suchting et al , 2005). 

1.2.2 Choroidal neovascularization in wet type of age-related ma-

cular degeneration 

1.2,2,1 Epidemiology and classification of age-related macular degen-

eration 

Age-related maculopathy, also referred to as age-related macular degeneration 

(AMD), is a leading cause of severe, irreversible visual loss worldwide (Leibowitz et 

14 
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al., 1980; Tielsch et al.，1995). It is characterized by funduscopic examination, in-

cluding the presence or not of drusen (yellow deposits below RPE), hyperpigmentary 

and hypopigmentary changes of RPE, atrophic macular degeneration (well-defined 

areas of atrophy, called geographic atrophy, or other atrophy of the RPE and cho-

rio-capillaries) and neovascular macular degeneration (choroidal neovascularization 

CNV, serous or hemorrhagic detachment of RPE, and subsequent scarring of macular 

area) (Vingerling et al , 1995). The late-stage of AMD is characterized by either the 

neovascular/exudative (wet-type AMD) or non-neovascular atrophic macular degen-

eration (dry type AMD) (Bird et al., 1995). The exudative form of AMD, character-

ized by CNV and its sequelae, is composed of 75% of AMD cases, and the 

non-neovascular atrophic form is roughly 25%. The development of CNV has dev-

astating effect on the visual capability of the patient and is the major factor contrib-

uting to loss of vision in AMD (Bressler et al., 1990). 

1,2,2,2 Definition of choroidal neovascularization 

The choroid is a thin，highly vascularized layer lying posterior to the neurosen-

sory retina and retinal pigment epithelium (RPE). Its vessels provide oxygen to the 

outer third of retina including the photoreceptors. Normally, the choroidal vessels are 

restricted from directly contacting with the adjacent retina by an anatomic barrier, 

Bruch's membrane. However, in AMD patients, the Bruch's membrane is weakened 

and the endothelial cells from choroidal vessels are activated to proliferate. The re-

sulting new vessels break through the weakened regions of Bruch's membrane, and 

fibrovascular tissues are deposited in the sub-RPE space (Husain et al , 2002; Aguilar 

et a l , 2010). 

Choroidal neovascularization (CNV) is defined as the formation of new blood 

15 
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vessels that are located between the RPE and Bruch's membrane and are continuous 

with the normal choroidal vessels (Green et al., 1986). These newly formed blood 

vessels are structurally weak, both leaking fluid and lacking of structural integrity, 

result in hemorrhage, exudates, and accompanying fibrosis often causing blindness. 

1,2.23 Cellular and molecular mechanism of choroidal neovasculari-

zation 

The mechanism responsible for the development of CNV is still not well under-

stood. Hypoxia and inflammation play important roles of choroidal new vessel for-

mation. The relative hypoxia caused by the disturbed balance between the limited 

blood supply in the macula and the high oxygen demand in the photoreceptors may 

contribute to the formation of CNV by the up-regulation of expression of growth 

factors，such as VEGF (Penfold, et al” 2001). 

The association of inflammation with the neovascular macular lesions has been 

postulated more than a century. Numerous histological, ultrastructural and immuno-

histochemical studies have demonstrated that in exudative AMD, the leukocyte is 

one of the major cellular components of subretinal neovascular membrane derived 

from the choroid and the distribution of leukocytes is closely related to the develop-

ment and progression of neovasculature (Penfold, et al., 2001; Kim, et al., 1996; 

Grossniklaus et al, 2001). Another piece of evidence showing the role of inflamma-

tion in the pathogenesis of CNV is that the deposition of complements and Ig has 

been found in the RPE and choroid in patients with AMD (Ambati, et al” 2003). 

The role of macrophage in the pathogenesis of AMD and subsequent CNV is 

controversial. Although the recruitment of macrophages has been shown to be essen-

tial for the elimination of complement and Ig deposition (Ambati, et al., 2003)，a 
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number of histological studies have shown that the infiltration of macrophages is ac-

tively involved in the promotion of neovascular proliferation and the exudation from 

the new vessels in exudative AMD (Penfold, et al., 2001). Furthermore, it is shown 

that by the release of proteases, growth factors (bFGF, GMCSF, TGF-alpha, IGF-I, 

PDGF, VEGF/VPF，TGF-beta), and other cytokines (IL-1, IL-6, IL-8, TNF-a, sub-

stance P, prostaglandins, interferons, thrombospondin 1), activated macrophages 

have the capability to influence each phase of the angiogenesis process. These in-

clude alteration of local extracellular matrix, induction of endothelial cell prolifera-

tion and migration and inhibition of vascular growth with the formation of differenti-

ated capillaries (Sunderkotter, et al., 1994; Grossniklaus, et al.，2002). 

17 
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1.3 In vitro and in vivo angiogenesis model for ocular ne-

ovascularization 

Angiogenic and angiostatic activities can be assessed using both in vitro and in 

vivo assays. In vivo assays can better mimic the angiogenesis as it occurs in normal 

and pathologic states, while in vitro assays offer several critical advantages over their 

in vivo counterparts. For example, in vitro assays allow the identification of direct 

effects on endothelial cell function, allow the analysis of isolated processes that con-

tribute to angiogenesis, allow the analysis of variables such as matrix components in 

isolation, and do not require the technical expertise in animal handling required for in 

vivo assays, and typically less expensive than in vivo assays, and may be adapted for 

large-scale screening (Goodwin et al., 2007). However, the critical tests for angio-

genesis require a more holistic assessment, and several in vivo assays have been de-

veloped that permit a more realistic appraisal of the angiogenic response than that 

can be obtained in vitro. The use of animal models to assay angiogenesis is crucial to 

the search for therapeutic agents that inhibit angiogenesis in the clinical setting, and 

in vivo angiogenesis assays examine the entire spectrum of molecular and cellular 

processes. The eye provides a useful model system, because it contains several vas-

cular beds sandwiched between avascular tissues. This allows for unequivocal identi-

fication and quantification of new vessels (Campochiaro et al., 2003). 

1.3.1 In vitro scratch-wound HUVEC migration assay 

Endothelial cell is the primary constituent of new vessel, and many endothelial 
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cell functions are required for angiogenesis, including cell migration, proliferation, 

and tube formation. Numerous techniques have been used to assess these functions in 

endothelial cells. In my study, I recruited a scratch wound assay to measure the en-

dothelial cell growth and motility in response to angiogenesis stimulators. Cell motil-

ity is of particular interest in the design of anti-cancer therapeutics, as cell migration 

is required for both tumor invasion and tumor angiogenesis (Eccles et al , 2005). 

In the scratch wound assay, endothelial cells are grown to confluence and a 

wound is introduced by clearing an area of the monolayer using a pipet tip, needle, or 

cell scraper. Cell filling of the cleared space initially occurs by growth and migration 

(Lampugnani et al., 1999). Since some growth factors stimulate both migration and 

proliferation, migration can be specifically addressed by adding anti-proliferative 

agents to the culture medium. Quantification can involve measuring the distance 

moved by the endothelial cells, the area covered by the endothelial cells, or the 

amount of cell immigrate into the wound area at specific time, and the amount of 

cells cover the clear area. This assay can be adapted for large-scale screening 

(Yarrow et al., 2004), and multiple time points can be assessed using the same wells. 

Disadvantages include the difficulty of creating scrapped areas of equal size and with 

even boundaries, variability between wells and experiments due to variations in de-

gree of initial confluence, and difficulty of quantification. 

1.3.2 MTT cell viability assay 

The MTT (method of transcriptional and translational) assay is a standard col-

orimetric assay to measure the activity of mitochondria as a mean of assessing num-

ber of living cells. Active mitochondria convert the yellow substrate 

3 "(4,5 -dimethylthiazol-2-yl)-2, 5-diphenyItetrazolium bromide (MTT) to formazan, a 
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purple product (Mosmann et al.，1983). This colorimetric change can be quantified 

using spectrophotometry and correlated with cell number (Denizot et al., 1986). The 

main advantages of the colorimetric assay are its rapid assay and precision, and the 

lack of any radioisotope. The MTT assay is suited to large-scale screening, and can 

be used to measure cellular cytotoxicity, proliferation or activation. It can also be 

used to determine cytotoxicity of potential medicinal agents and other toxic materials, 

since those agents would result in cell toxicity and metabolic dysfunction and there-

fore decreased performance in the assay. 

1.3.3 In vivo chick chorioallantonic membrane (CAM) assay 

The chick embryonic chorioallantoic membrane is an extraembryonic mem-

brane mediating gas and nutrient exchange until hatching. Due to its dense capillary 

network, it has been commonly used in vivo to study both angiogenesis and an-

ti-angiogenesis in response to normal tissue and cells, to tumor bioptic specimens 

and cells，or to soluble factors (Leene et al., 1973; Auerbach et al., 1974; Ribatti et al., 

2000; Davison et al., 2003). 

1,3,3,1 Embryogical origin and development of CAM 

The allantois is an extraembryonic membrane, derived from the mesoderm, in 

which primitive blood vessels begin to take shape on day 3 after fertilization. 

On day 4, the allantois merges with the chorion epithelium, derived from the 

ectoderm, to form the chorioallantois. All CAM vessels have the appearance of un-

differentiated capillaries. Their walls consist of a single layer of endothelial cells 

lacking a basal lamina (Funk et al., 1996). 

20 



Liu HM 

Primitive vessels continue to proliferate and to differentiate into an arterioven-

ous system until day 8 post-fertilization, thus originating a network of capillaries that 

migrate to occupy an area beneath the chorion and mediate gas exchange with the 

outer environment. By day 8’ the CAM displays small, thin-walled capillaries with a 

luminal diameter of 10-15 jim beneath the chorionic epithelium, and other vessels 

with a diameter of 10-15 |im in the mesodermal layer, whose walls have a layer of 

mesenchymal cells surrounding the endothelium and are completely wrapped by the 

basal lamina together with the endothelial cells (Funk et al., 1996). At this stage, the 

chick immunocompetent system is not fully developed and the condition for rejection 

has not been established (Auerbach et al., 1974). As other vertebrates, chick is pro-

tected by a dual immune system composed of B and T cells, controlling the antibody 

and cell-mediated immunity, respectively. The B cells are differentiated in the bursa 

of fabricius，the organ equivalent to the bone marrow in mammals, whereas T cells 

are differentiated in the thymus (Nguyen et al., 1994; Ribatti et al., 1996). 

The allantoic vesicle enlarges very rapidly from day 4 to day 10 

post-fertilization. In this process, the mesodermal layer of the allantois becomes 

fused with the adjacent mesodermal layer of the chorion to form CAM. A double 

layer of mesoderm is thus created: its chorionic component is somatic mesoderm and 

its allantoic component is splanchnic mesoderm. In this double layer, an extremely 

rich vascular network develops which is connected to embryonic circulation by the 

allantoic arteries and veins. Immature blood vessels (lacking the complete basal la-

mina and smooth muscle cells) scattered in the mesoderm grow very rapidly until 

day 8 and give rise to a capillary plexus, which comes to be intimately associated 

with the overlying chorionic epithelial cells and mediates gas exchange with the out-

er environment. Until day 10, the chick embryo immune system is not completely 
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developed (Nguyen et al., 1994; Ribatti et al., 1996). 

In day 10-12, the capillaries resemble those in the 8-day membrane and are now 

close to the surface of chorionic epithelium. The mesodermal vessels are distinct ar-

terioles and venules. In addition to the endothelium, the wall of arterioles (10-85 

m in diameter) contains one or two layers of mesenchymal cells and increased 

amount of connective tissue surrounding them. Venules (10-115 m in diameter) 

are surrounded by an incomplete investment of mesenchymal cells, and connective 

tissue has also accumulated within their walls. The mesenchymal cells are presumed 

to be developing smooth muscle cells and the wall of CAM arterioles also develops a 

distinct adventitia containing fibroblast-like cells (Janse et al., 1991). 

Rapid capillary proliferation goes on until day 11. Thereafter, the mitotic index 

declines just rapidly, and the vascular system attains its final arrangement on day 18, 

just before hatching (Janse et al.，1991). The presence of T cells can be first detected 

at day 11 and B cells at day 12 (Ausprunk et al.，1977). After day 15，the B cell rep-

ertory begins to diversify and by day 18 the embryo becomes immunocompetent 

(Nguyen et al., 1994; Ribatti et al., 1996). 

IJ.3,2 In ovo and ex ovo model of chick cam assay 

The CAM assay is probably the most widely used in vivo assay for studying an-

giogenesis for almost half a century (Folkman et al., 1975; Ribatti et al., 1997). The 

test substance is prepared either in slow-release polymer pellets, absorbed by filter 

paper, gel, or gelatin sponges, or air-dried onto plastic discs. These carriers are then 

implanted onto the CAM through a window cut carefully in the eggshell. The lack of 

a mature, immune system in 7-8-day old chick embryo allows for the study of tu-

mor-induced angiogenesis (Janse et al., 1991). The angiogenic effect can be meas-

ured by counting the number of blood vessels in a given area using a stereomicro-
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scope. In this in ovo open window CAM model, embryo is left inside the egg shell 

during development and for the duration of assay, hence this preserves a physiologi-

cal environment, maintain the normal development of embryo, and keep high embryo 

survival rate, easy to handle, and embryo can reach hatching. However, it limits the 

area for use and observation. 

In a variation of CAM assay, shell-less embryo is cultured in petri dish prior to 

applying the test substance (Folkman et al,，1975; Janse et al.，1991 ). This model 

also named as ex ovo CAM assay. This allows the quantification of blood vessels 

over a wider area of CAM. Because the entire membrane can be seen, rather than a 

small portion through the shell window, multiple grafts can be placed on each CAM 

and photographs can be taken to document vascular changes over time. This method 

however accompanies with low embryo survival rate，embryos cannot reach hatching, 

and do not reflect physiological conditions (Ribatti et al.，2000). 

1333 Advantages and limitations of Chick CAM assay 

As pointed out by Auerbach et al., "perhaps the most consistent limitation to 

progress in angiogenesis research has been the availability of simple, reliable, repro-

ducible, quantitative assays of the angiogenesis response" (Staton et al., 2004). In 

vivo angiogenesis assays have allowed important progress in elucidating the mecha-

nism of action of several angiogenic factors and inhibitors (Taylor et al., 1984). Ide-

ally, assays of angiogenesis should be easy, reproducible, quantitative, cost-effective, 

and permit rapid analysis. 

The main advantages of in vivo chick CAM assay are their low cost, simplicity, 

reproducibility, reliability and suitable for large-scale screening. Among them, the 

more valuable features of CAM assay are the relative ease of carrying out the assays, 
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the ready availability of experimental material, and for the explants method, the fea-

sibility of carrying out multiple tests on individual CAMs as well as of monitoring 

the reaction throughout the course of the assay. 

On the contrary, there are only very few restrictions to use CAM, essentially due 

to (a) nonspecific inflammatory reactions that may develop with an attending secon-

dary stimulation of angiogenesis; (b) preexisting vessels may be present, which make 

it hard to distinguish the extent of angiogenesis and anti-angiogenesis. In view of 

these limitations, two different assays should ideally be performed in parallel to con-

firm the angiogenic or anti-angiogenic activity of test substances and (c) timing of 

CAM angiogenic response is essential. Many studies determine angiogenesis after 24 

hours, when there is no angiogenesis but vasodilation. Measurement of vessel density 

is to measure visible vessel density, and vasodilation and neovascularization are not 

readily distinguishable. This drawback can be overcome by using sequential photog-

raphy to document new vessel formation. 

1.3.4 In vivo corneal neovascularization assay 

Corneal neovascularizaion assay is still considered as one of the best in vivo as-

says, in as much as the cornea itself is avascular. Thus, any vessels seen in the cornea 

after stimulation by angiogenesis-inducing tissues or factors are new vessels. The 

original method was developed for rabbit eyes (Gimbrone et al., 1974), but has been 

adapted to rats and mice (Fett et aL, 1985; Shing et al., 1985), now the most fre-

quently used test animal. 

Models of anterior segment neovascularization include the corneal micropocket 

assay, used to study the influence of specific molecules/proteins in angiogenesis, and 

corneal chemical and suture-induced injury, which mimic more closely the complex 
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nature of the human disease. 

Briefly, in corneal micropocket assay, a 'pocket' is created in the corneal stroma 

of an experimental animal (originally rabbits, but is adapted for rats and mice). An-

giogenic response can then be initiated by implantation of low-release pellet or po-

lymer containing the angiogenic substance (Silverman et al., 1988; Auerbach et al., 

2003). 

Also, corneal neovascularization is associated with inflammatory disruption of 

an exquisitely balanced corneal immune system. Two methods of producing corneal 

neovascularization in laboratory animals, namely silver nitrate cauterization and su-

turing, are applied extensively nowadays. Applying silver nitrate solution to central 

corneal surface with an applicator stick has been proved as an easy and efficient me-

thod to stimulate corneal NV sprouting from the limbus vasculature, and can be per-

formed to large amount of animals (Muthukkaruppan et al , 1979; Hartwell et al., 

1998). Corneal NV starts on the second day after cauterization, and reach the peak at 

day 14，while it is occasionally followed by acute inflammation, hypopyon, hyphema， 

and frequent corneal edema. The other efficient method to induce inflammatory cor-

neal NV is to place three 11-0 sutures intrastromally with 2 stromal incursions, each 

extending over 120° of corneal circumference. Corneal NV starts to form on 2nd day 

post-operation, and also reach the peak at day 14. This method demands stringent 

surgical technique, long training time, labor and time intensive (Mahoney et al., 1985; 

Presta etal., 1999). 

In the last 30 years, the corneal angiogenesis assay has provided insight in vari-

ous fields of angiogenic research. It is used to study angiogenic agents in vivo in-

cluding angiogenin (Wenk et al., 2003; Bock et al., 2007)，chondrosarcoma-derived 

growth factor, adipose tissue (Phillips et al., 1994; Samolov et al., 2010) and vascular 
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endothelial growth factor VEGF-A, VEGF-C, and -D (Cao et al., 1998; Marconcini 

et al, 1999). It is a reliable tool for the investigation of angiogenesis inhibitors, such 

as protamine, angiostatin, interleukin 12, PEDF, thalidomide and AGM-1470 (Taylor 

et al.，1982; D'Amato et al., 1994; O'Reilly et al., 1994; Voest et al., 1995; Kenyon et 

a l , 1997; Dawson et al., 1999; Edelman, 2000). The cornea model is also recruited to 

study mechanisms of angiogenesis and anti-angiogenesis (Ingber et al., 1990; Kusaka 

et al., 1991; Rohan et al.，2000). Recently, the assay helps to provide an insight into 

the potential role of platelets for angiogenesis in vivo (Kisucka et al., 2006). It is also 

suggested that cornea is an additional model to identify angiogenic and lymphangio-

genic inhibitors (Auerbach et al., 2000; Folkman et al., 2004; Bock et al., 2008). 

These assays are reliable, but compared to the in vitro assay and chick CAM 

assay, are more expensive and technically demanding, making them impractical for 

large-scale screening. Furthermore, although the use of rats and mice make the assay 

cheaper and increased number of tests can be performed, the surgery becomes more 

difficult as eye size decreases. Finally, scientists face ethical problem when using an 

assay that involves a major sensory organ (Carolyn et al., 2004). 

1.3.5 In vivo laser-induced choroidal neovascularization assay 

Until now, there is no suitable animal model for AMD research, however the 

laser-induced choroidal model can be used to study CNV. In neovascular AMD, 

which accounts for approximately 80% of severe vision loss, subretinal vessels ori-

ginating from the choroid develop beneath the retina. The mouse model of la-

ser-induced CNV is well characterized and, in the absence of models which perfectly 

recapitulate the various aspects of AMD, has been used extensively to study the role 

of individual angiogenic factors as well as the effect of anti-angiogenic agents or 
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Other therapeutic agents/techniques on CNV (Rakoczy et al., 2006). This model gen-

erally utilizes laser photocoagulation to induce break(s) in the Bmch's membrane, a 

physical barrier that normally mediates separation of the choroidal vasculature from 

RPE and neural retina. Inflammation, growth factor up-regulation and/or the physical 

disruption of this barrier results in CNV that can be followed and studied to identify 

important neovascular factors, or assess various angiostatics (Rakoczy et al., 2004). 
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1.4 Natural products and potential anti-angiogenic effects 

1.4.1 Introduction 

Herbs or natural plants have been applied as effective therapeutic agents for 

more than 5000 years, and is becoming more and more popular nowadays because of 

its natural origin and inherent safety. It has been estimated that more than 12% of 

adults in western countries used herbal medicine in 1997 (Sengupta et al., 2004), and 

herbal medicine plays a major role in the eastern world (Foster et al., 2004). Ap-

proximately 25% of the modem medications are developed from plants. They contain 

many active ingredients with medicinal properties that modem pharmaceuticals can-

not reproduce. A wide range of plants contains compounds with angiogene-

sis-modulating properties, some of them (e.g. Taxol, camptothecin and combretas-

tatin) are antiangiogenic. However, the exact mechanism and preparation involved 

are still unexplainable. This makes part of the herbal molecules an inexplicable issue 

in modem medicine world and drug development. The rationale for combining con-

ventional agents and modem biotechnological approaches to the delivery of herbal 

medicine is an avenue set to revolutionize the future practice of cancer and an-

ti-angiogenic medicine. Further exploitation on the composition, drug efficacy, bio-

logical mechanism of single and multiple compounds, safety issue through in vitro or 

animal studies as well as patient identity warrants a better understanding of this 

mysterious medicinal approach, and this may well bring on a new dawn of therapeu-

tic strategies where East truly meets West. 
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1.4.2 Criteria of selecting herbal molecule to study its potent angio-

static character 

(1) it is extracted from a herbal source; 

(2) it has a defined molecular structure; 

(3) it is small-sized and simple in nature; 

(4) it was previously reported to block endothelial cell migration, tube 

formation or developmental angiogenesis by chick chorioamniotic membrane; 

(5) it was reported to suppress tumorigenesis of various types of cancer in cell 

or animal models. 

1.4.3 Isoliquiritigenin (ISL) 

ISL, isoliquiritigenin with molecular formula C15H12O4, isolated from licorice 

{Glycyrrhiza uralensis) (Figure 3), belongs to the family of favoid (Figure 2). It 

possesses actions against inflammation (Kumar et al.，2007), oxidative stress 

(Haraguchi et al., 1998), carcinogenesis (Maggiolini et al., 2002; li et al., 2004) and 

platelet aggregation (Tawata et al., 1992) as well as inhibition to aldose reductase 

(Aida et al., 1990). Its anti-carcinogenic activity is mediated by cell cycle arrest, in-

duction of apoptosis (Hsu et al., 2005; Park et al., 2009) and suppression of lipoxy-

genase (Yamamoto et al., 1991). Its angiostatic effect is the strongest among various 

licorice-extracted chemicals (Kobayashi et al., 1995). It has been shown to block 

JNK- or p3 8/MAPK-responsive pathways to suppress matrix metalloproteinases and 

increase the level of tissue inhibitor of matrix metalloproteinases (Kwon et al., 2008; 

Kang et al., 2009). 
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1.4.4 Epigallocatechin gallate (EGCG) 

EGCG (epigallocatechin gallate, molecular formula CiiHisOn) (Figure 18) is 

one of the polyphenols found in green tea (leaves of Camellia sinensis) (Figure 19). 

Green tea consumption has been shown to protect human from the occurrence or 

progression of cancers in the skin, breast, prostate, lung, colon, liver, stomach and so 

on (Mukhtar et al., 2000). It possesses anti-oxidative, anti-inflammatory, an-

ti-arteriosclerotic and anti-bacterial activities (Crespy et al., 2004; Cooper et al., 

2005). Its angiostatic potential was suggested by its suppression on blood vessel 

formation and development in chick chorioallantoic membrane model (Oak et al., 

2005). When green tea extract was given in drinking water, corneal neovasculariza-

tion was significantly attenuated in mice (Cao et al,, 2007) whereas oxygen-induced 

retinal neovascularizaiton was suppressed in rats (Saito et al., 2007). Its biological 

action was hypothesized to mediate through a reduced complex formation between 

VEGF receptor 2, VE-cadherin and phosphoinositol-3-kinase, which is critical for 

endothelial cell migration and vessel formation (Lai et al., 2004; Zhang et al., 2009). 

Activation of certain transcription factors, such as AP-1, N F - K B and Ets-1 is also 

blunted (Park et al” 2003; Yamakawa et al., 2004) and the production of metelallo-

proteinases necessary for endothelial cell migration and invasion is attenuated (Oku 

et al., 2003; Fassina et al., 2004). Finally, EGCG can also inhibit the production of 

VEGF, bFGF and IL-8 (Sartippour et al., 2002; Trompezinski et al., 2003; Sartippour 

et a l , 2004). 

1.4.5 Resveratrol (Rst) 

Rst, (trans-3,5,4'-trihydroxystilbene ) with molecular formula C14H12O3 (Figure 

33)，is a phytoalexin commonly found in various plantations, including grapes, pea-
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nuts, pines and berries (Figure 34). It suppressed proliferation of lymphoid and 

myeloid cancers, cancers of the breast, prostate, stomach, colon, pancreas, and thy-

roid; melanoma; head and neck squamous cell carcinoma; ovarian carcinoma; and 

cervical carcinoma (Aggarwal et al.，2004). From botanical studies, it acts as a stress 

protein responsive to exposure to ozone, heavy metals, change of climate, infection 

by pathogens and so on (Delmas et al.，2003). In animal study, it is reported with po-

tent chemoprevention to cancers, due to its anti-oxidant and pro-apoptotic activities 

(Huang et al., 1999; Athar et al., 2007). Its angiostatic potential was revealed in lung 

cancer and rat gliomas models (Kimura et al.，2001; Tseng et al., 2004). Molecular 

mechanisms of inhibition of tumor cell proliferation have been partly elucidated and 

involve suppression of several transcription factors, such as NF-KB, A P - 1 and Egr-1, 

down-regulation of the expression of anti-apoptotic genes and activation of caspases 

(Aggarwal et al., 2004). As far as angiogenesis is concerned, Rst has been shown to 

downregulate the production of several angiogenic cytokines, including VEGF, in-

terleukin-8 (IL-8) and FAK (Cao et al., 2002). 
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CHAPTER 2 

OBJECTIVES AND STUDY DESIGN 

The main objective of the work described in this thesis was to investigate the 

anti-angiogenic properties of three herbal molecules: isoliquiritigenin (ISL) epigal-

locatechin (EGCG) and resveratrol (Rst) by both in vitro and in vivo studies. 

Study design: 

Part I: In vitro studies: 

1. A first-line examination of cell cytoxicity by MTT assay on retinal pigment 

cell line ARPE-19 will be performed to identify the sub-toxic levels of herbal chem-

icals directly applied to cells. 

2. A time-course analysis using a scratch-wound model of human umbilical vein 

endothelial cell line HUVEC will be used to examine if the herbal chemicals applied 

at sub-toxic levels suppress the endothelial cell growth and migration. 

3. Cells will be collected for the expression analysis of various intracellular 

signaling pathways, including intracellular level of VEGF, PEDF, Akt activation, fo-

cal adhesion kinase activation and metalloproteinases. 

Part II: In vivo studies: 

1. We plan to use the in vivo chick chorioallantoic membrane model to test the 

efficacy of herbal molecules on the regulation of developmental angiogenesis. Gela-

tin sponge of standard size soaked with a fixed amount of the tested herbal com-

pound will be applied on the chorioallantoic membrane in vivo under an 

open-window manner. At subsequent days, the number of blood vessels converging 

to sponges will be quantified and analyzed. 
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2. We shall established animal models of ocular neovascularization to investi-

gate the effect of herbal molecules on the pathological angiogensis associated with 

different eye disease: corneal neovascularization and choroidal neovascularization. 

(1) The optimal manifestation of corneal neovascularization in BALB/c mice 

will be explored between 7 to 14 days after central 2-mm corneal epithelial removal 

in addition to silver nitrate cauterization. Topical treatment by the herbal compounds 

at different doses will be performed after injury to assess whether the progression of 

neovascularization would be alleviated. The neovascularization will be examined by 

immunohistochemistry using anti-CD31 antibody (specific to vascular endothelial 

cells) and quantified for analysis. 

(2) We shall work on establishment of choroidal neovascularization in 

C57BL/6 mice model. In our model setting, we plan to apply three 532 nm diode la-

ser spots (100 mW power, 100 msec duration, 100 |j.m spot size; multi-laser length 

laser) to the fundus through a slit lamp delivery system of a photocoagulator. In-

travitreal injection of the herbal molecules at different doses will be administered 

immediately after laser photocoagulation. The resultant effects on the progression of 

choroidal neovascularization will be examined by fundus fluorescence angiography 

at post-treatment days 4, 7 and 10, or other appropriate periods. The neovascular area 

will be examined by choroidal flatmount followed by immunohistochemistry for 

Griffonia simplifonia isolectin B4 antibody on day 10. 
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CHAPTER 3 

GENERAL MATERIALS & METHODS 

3.1 Materials 

3.1.1 Herbal chemicals and angiogenesis controls 

Isoliquiritigenin (ISL; 4,2' ,4' -trihydroxychalcone, or (E) -1 

-(2,4-dihydroxyphenyl) -3-(4-hydroxyphenyl)-2-propen-1 -one; C15H12O4； CAS 

number: 961-29-5) was purchased from Tauto Biotech. (Shanghai, China). Epigallo-

catechin gallate (EGCG; (2R,3R)-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-l 

(2H)-benzopyran-3,5,7-triol,3-(3,4,5-tri- hydroxybenzoate; C22H18O11； CAS number: 

989-51-5), resveratrol (Rst; 3,4', 5 -trihydroxy-trans-stilbene or 5-

[(1 E)-2-(4-hydroxyphenyl) ethenyl] -1,3-benzenediol; C14H12O3； CAS number: 

501-36-0). Avastin was from Roche (Basal, Switzerland). PP2 (selective inhibitor of 

src-family tyrosine kinases) was from from Sigma-Aldrich Co. Recombinant human 

vascular endothelial growth factor-165 (VEGF) was from Invitrogen (Carlsbad, CA, 

US). 

3.1.2 Antibodies 

Monoclonal anti-mouse glyceraldehyde phosphate dehydrogenase 

(GAPDH)-horseradish peroxidase (HRP) conjugate was purchased from Sig-

ma-Aldrich Co. (St Louis, MI, US). Monoclonal antibody against human pigment 

epithelium growth factor (PEDF), PEC AM-1 (clone MEC13.3) was from Santa Cruz 
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Biotech (Santa Cruz, CA, US). Polyclonal antibody against human phospho-FAK 

(Y576/577) was from Cell Signaling (Danvers, MA, US) and antibody against hu-

man FAK from Millipore (Billerica，MA, US). Isolectin-B4 (ALX-650-001F-MC05) 

was from Enzo Life Sciences International, Inc. 

3.1.3 Chemicals for cell culture 

Culture media, antibiotics, trypsin (1:250), phosphate buffered saline (PBS), 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 

heat-inactivated fetal bovine serum (FBS) were from Invitrogen (Carlsbad, CA, US). 

Endothelial cell growth medium was from PromoCell GmbH (Heidelberg, Di-

methylsulfoxide (DMSO)，gelatin, isopropanol were from Sigma-Aldrich Co. 

3.1.4 Miscellaneous chemicals 

PhosSTOP, and protease inhibitor cocktail were obtained from Roche (Basal, 

Switzerland) and enhanced chemiluminescence from Amersham (Bucks, UK). Silver 

nitrate was from Sigma-Alrich, Inc. Potassium nitrate was from Riedel Inc. Pento-

barbitol sodium (20% Doraiinal), 2% xylazine and 10% ketamine were from Alfasan 

Inc, Netherland. Bouin's Fixative was made with a formula of saturated picric acid 

3000 ml, formaldehyde 1000 ml, glacial acetic acid 200 ml. 

3.2 Methods 

3.2.1 In vitro cell viability assay 

Human retinal pigment epithelial ARPE19 cell line (CRL-2302, American Type 
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Culture Collection, Rockville, MD，US) was maintained in DMEM/F12 medium 

supplemented with 10% FBS and antibiotics (100 U/ml penicillin G and 100 |Lig/ml 

streptomycin sulfate). They were seeded at a density of 7x10^ cells for an overnight 

and were treated with drug (ISL: 5-50 |aM, EGCG: 10-100 juM, Rst: 2.5-50 |LIM) in 

medium containing 2% FBS for up to 7 days. The reference concentration range of 

drug was acquired from literatures (see Discussion). Control cells were kept in me-

dium with 0.1% DMSO. Fresh medium were replenished every 2 days. At time of 

MTT assay, cells were washed and incubated in MTT solution (5 mg/ml) for 3 hours 

at 37®C. After washes, isopropanol (300 fil) was added to resolve the purple/blue 

fonnazan crystals and was quantified using an ELISA plate reader (PowerWave mi-

croplate spectrophotometers, BioTek Instruments Inc., Winooski, VT, US) at emis-

sion wavelength of 570 nm. Isopropanol was used as the blank control. Four samples 

were assayed as each measurement and background-subtracted optical density values 

were normalized with that of drug-free control and expressed as the viability per-

centages. The data were analyzed by paired Student's t-test and P<0.05 was regarded 

as statistically significant. 

3.2.2 In vitro angiogenesis assay 

3.Z2.1 Cell culture 
Human umbilical vein endothelial cell line HUVEC (CRL-2873, American Type 

Culture Collection) was propagated in complete endothelial cell growth medium with 

10% FBS and antibiotics on gelatin-coated surface. 
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丄2.2.2 Scratch wound HUVEC growth and migration assay 

HUVEC grown to confluence on gelatin-coated surface were starved in medium 

with 0.5% FBS for 6 hours. A scraping tool (1 mm by width) removed a portion of 

cell monolayer to provide a margin of denuded area. The dislodged cells were re-

moved and drug-added medium in the presence or not with VEGF165 (20 ng/ml) 

was added. Cells without drug or with Avastin (312 |ig/ml) or PP2 (src kinase in-

hibitor, 10 nM) were controls. The cells in denuded area were monitored at different 

time points by phase-contrast microscopy using a 5x objective. With Photoshop ver-

sion CSS, images of the same area at different time points were aligned and cells 

were quantified and expressed as number of cells per mm^ area. Six images were 

captured for each treatment. The mean density of cells was calculated and compared 

by time. We used paired Student's t-test to compare two small sets of quantitative 

data when data in each sample set are organized in pairs. The result was analyzed by 

paired Student's t-test and P<0.05 was statistically significant. 

3,2,2,3 Western blot analysis 

Cells were lysed in RIPA (radioimmunoprecipitated assay) buffer containing 50 

mM Tris-HCl (Sigma), 150 mM sodium chloride, 1% Nonidet P-40 (Sigma), 0.25% 

sodium deoxycholate (Sigma), and freshly added with PhosSTOP (Roche), protease 

inhibitor cocktail (Complete™, Roche) and 1 mM PMSF on ice for 30 minutes. Lys-

ates were spun at 10,000 g for 30 minutes at 4°C and clear supernatant was collected 

and denatured in sample buffer with a final concentration of 50 mM Tris HCl (pH 

6.8), 2% sodium dodecylsulfate (SDS, BioRad, Hercules, CA), 10% glycerol, 

0.002% bromophenol blue, 1% 2-mecaptoethanol, and 50 mM DL-dithiothreitol 

(DTT, Sigma) and denatured at 95°C for 5 minutes. All protein samples were stored 
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at -20 °C until Western blot analysis. 

The protein samples were analyzed by 10% SDS-polyarcylamide gel electro-

phoresis (PAGE). Gel and buffer were prepared according to different concentrations 

of gel. Briefly, for 10% resolving gel, reagents including 6.7 ml 30% acrylamide/Bis 

solution (29:1, BioRad), 5 ml 4x Tris.HCl/SDS (pH 8.8), 100 |LI1 ammonium persul-

phate, 20 1̂1 TEMED (AMRESCO) and 8.2 ml distilled water, were mixed and 

poured to the glass plate sandwich, with distilled water added on top of the gel to 

prevent evaporation during gel polymerization. Stacking gel solution with 4% aery-

lamide was prepared by mixing 1.33 ml 30% acrylamide/Bis solution (29:1, BioRad), 

2.5 ml 4x Tris.HCl/SDS (pH 6.8), 50 |al 10% ammonium persulphate, 10 TEMED 

and 6.05 ml distilled water, and was added on the top of the resolving gel and a comb 

with 10 or 15-well was inserted and gel was left to polymerize. After gel polymeriza-

tion, the wells were rinsed with distilled water and connected to the proper gel setup. 

Samples equivalent to 7.5x1 Ô  cells were loaded to each well. Five jj,l size standard 

丁 M 

marker (Precision plus protein dual color standards, BioRad) was applied to indi-

cate protein sizes after separation. The electrophoresis was started with a constant 70 

voltage (V) for 30 minutes for sample concentration followed by a constant 150 V 

for 1 hour for protein separation. After gel running, the resolved proteins were im-

mobilized onto the nitrocellulose membrane (BioRad) by blotting at a constant 100 V 

for 60 to 90 minutes in ice cold transfer buffer (192 mM glycine, 25 mM Tris.base, 

pH 8.3). After blotting, the membrane was washed in distilled water, then TBST (20 

mM Tris-HCl pH 7.4，150 mM NaCl, and 0.05% Tween 20) for 5 minutes, followed 

by blocking in 5% skimmed milk in TBST for 1 hour at room temperature. 

After blocking, the membrane was incubated with primary antibodies at appro-

priate dilution (with reference to manufacturer's instruction or after optimization) in 
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TBS with 0.05% Tween 20 (Sigma) (TBST) for overnight at 4°C. After TBST wash-

es, the membrane was incubated in appropriate HRP-conjugated Ig secondary anti-

bodies (at concentration suggested by manufacturer) in TBST for 1 hr at room tem-

perature. After TBST washes, the staining signal was revealed by enhanced chemi-

luminescence (ECL，GE Healthcare) using a ChemiDoc™ System (BioRad) (fol-

lowing manufacturer's instruction). Gel imaging and band densitometry was ob-

tained and measured by Quantity One 4.6.2 (BioRad). Except for those specified, all 

reagents were purchased from Sigma. 

3.2.3 In vivo angiogenesis assay 

One major task of my PhD work was to establish in vivo angiogenesis models. 

This was critical to assess if the selected herbal chemicals contain potential therapeu-

tic effect for anti-angiogenesis. Before my program, no angiogenesis model was es-

tablished or available in my department. The technical challenges in this work are 

whether the model setup and outcome reveal the appropriate pathophysiological fea-

tures of neovascularization development in diseases, whether the setup was effective 

to develop pathological features in a rather short period of time, rather than a 

life-long phenotype progression in human, whether the assay was reproducible with 

consistent and reliable data collection and analysis, as well as whether the assay can 

be feasibly monitored and handled by other investigators after my graduation. Be-

sides, the assay should be at low cost and financially feasible. The identification, es-

tablishment and application of appropriate and practicable models are thus crucial for 

the exploitation of potential anti-angiogenesis molecules and study their pharma-

cokinetics. 
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3.2,3,1 Chick chorioallantonic membrane assay 

Source of fertilized eggs Jia Mei fertilized chicken eggs were obtained at day 

1 post-laying from Kang Li Farm (Hong Kong) and transferred to the laboratory un-

der clean condition. The egg surface was cleaned immediately with sterilized dis-

tilled water and the eggs were put in an sterilized incubator at 37°C for egg devel-

opment. 

Materials and reagents 70% (vol/vol) ethanol in distilled water, sterilized 

gelatin sponge (Spongostan Standard, Ferrosan A/S, Denmark), Bouin's fixative, re-

combinant human VEGF165, polyclonal anti-VEGF antibody, Avastin and herbal 

chemicals were used in the present study. 

Choice of polymer for drug application CAM is a growing and developing 

structure, and it is subject to modification by environmental factors, such as oxygen 

tension and pH, which could significantly influence the CAM response to stimuli. 

Also, non-specific inflammatory reactions may occur in the CAM after implantation, 

which might induce a secondary vasoproliferative response. This non-specific in-

flammatory response may not be frequent, in particular when the implant is placed at 

early stages when CAM is developing and the host's immune system is still imma-

ture. The reasons why the gelatin sponge was selected for drug application in this 

study are its immuno-tolerance and low inflammatory induction as well as its high 

retention of drug and slow releasing characteristics. Alternatives, like filter paper and 

collagen gel, do not have good biocompatibility to chick CAM tissue. Filter paper is 

a hard material when compared to the soft nature of polymer sponge and it could in-

duce non-specific inflammatory response, damage vessels and membrane and cause 

inappropriate leakage, resulting in uncontrollable situations. Collagen gel, due to its 

high water content and evaporation during 37°C incubation giving rise to inconsis-
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tent drug concentration and drug release, may skew the result of drug effect on the 

CAM vessel development. 

Establishment of Chick CAM assay The fertilized hen eggs were incubated 

at 37°C under 60-70% relative humidity in a clean incubator. In my study, two me-

thods for chick embryo culture were developed. “In ovo" or "open-window" method 

with the embryo development inside the egg shell during treatment and assay period. 

This model has the advantage of good embryo survival rate, easy to perform, embryo 

development under a close-to-normal physiological environment (within egg shell), a 

maintained endogenous calcium level for angiogenic and skeletal development. Such 

favorable conditions can allow the embryo to reach hatching, even a small window 

has been opened on the shell. However, the restricted sampling area is the major li-

mitation of this model. The implant can only be placed within the open-window re-

gion. And upon embryo growth and enlargement, the implants usually float away 

from the examination assessable area and observers might have the difficulty to lo-

cate the implant after 2-3 days “in ovo" development. The other is the "ex ovo" me-

thod, of which the embryos are cultivated in a shell-less environment. This method 

can allow a large CAM area available for treatment and examination. Observers can 

directly visualize the entire chick CAM and able to test different samples in a single 

embryo so that inter-embryo difference can be minimized or avoided. Easy grafting 

and monitoring of excised tissues can help the operator to enhance the treatment me-

thod. The limitations of this method are the low embryo survival rates as the embryo 

develops in a totally different condition as that inside the egg. Different gaseous ex-

change and pH maintenance, evaporation, waste accumulation and so on negatively 

affect normal embryo development. The embryos will be able to reach hatching. In 

addition, high risk of inflammation is accompanied with breaking the egg shell and 
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transferring of embryo to plastic dish. As a whole, in ovo model should be easy for 

beginners to setup their experiments for preliminary study. 

In the “in ovo'' model, there are several important time-points in chick embryo 

development that are critical for the success of establishing chick CAM angiogenesis 

assay. 

(1) At day 3 post-fertilization, primitive blood vessels begin to take shape. 

(2) At day 4, the allantois fuses with the chorion and forms the chorioallantois. 

(3) Until day 8，primitive vessels continue to proliferate and to differentiate 

into an arteriovenous system and originate a network of capillaries. 

(4) The CAM vessels grow rapidly until day 11，afterwards, the endothelial 

mitotic index decreases. 

(5) At day 18，the vasculature system reaches its final pattern and becomes 

fully developed. 

(6) At day 21, the chick fetus hatches. 

In view of these critical time-points of chick embryo development, the proce-

dure of "open-window" CAM angiogensis model is adjusted as: 

(1) At day 1 post-fertilization, eggs were transferred to the laboratory. The egg 

surface was cleaned with 95% ethanol before putting to 37°C incubation with 

60-70% relative humidity. 

(2) At day 4, a window of 1.5x2 cm in dimension was made on the egg shell. 

The opening was sealed with a piece of sterilized parafilm. The egg was then put 

back to 37°C incubation for another 3 days. This incubation step was to screen out 

eggs that are prone to immune response upon laboratory manipulation. 

(3) At day 8，a piece of sterilized gelatin sponge (cut to 1 mm3 in size) soaked 

with drugs to be tested (at appropriate concentration) was implanted on the CAM. In 
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my experiment, a volume of 3 ul of drug or vehicle solution was added to each gela-

tin sponge before implantation. 

(4) The placement of gelatin sponge was recorded by photographs taken under 

stereomicroscopy (Wild MZ8 microscope; Leica, Wetzlar, Germany) equipped with 

a digital camera and imaging system (Leica EC3，Wetzlar, Germany). The number of 

blood vessels staying along the edge of gelatin sponge was noted. 

(5) At day 9 (24 hours after implantation), the implant images were captured 

by under stereomicroscopy. The number of blood vessels staying along the edge of 

gelatin sponge was noted. 

(6) Similar imaging procedure can be performed at day 10 (48 hours after im-

plantation) 

(7) The difference of number of CAM vessels converging towards the gelatin 

sponge was calculated. For example, the number of vessel changes upon 24-hour 

drug treatment was represented as number of vessel converging on the gelatin sponge 

at day 9 minus that at day 8. CAM vessel index was expressed as the vessel number 

difference compared to vessel number of 0-hour interval. 

Statistical analysis For the experiment of each drug concentration, a mini-

mum of 10 eggs and duplicated experiments were performed. All data were calcu-

lated for mean and standard deviation. Statistical significance between control and 

treatment groups was determined by ANOVA analysis with SPSS version 10. The 

minimal level of significance was P < 0.05. 

Drug preparation and treatment Isoliquiritigenin (ISL; C15H12O4； CAS 

number: 961-29-5) was purchased from Tauto Biotech. (Shanghai, China). Epigallo-

catechin gallate (EGCG; C22H18O11； CAS number: 989-51-5), resveratrol (Rst; 

C14H12O3； CAS number: 501-36-0) were purchased from Sigma-Aldrich Co. (St 
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Louis, MI, US). 99% by TLC/high performance liquid chromatography. Stock solu-

tion (50 mM) of ISL, EGCG and Rst were prepared in DMSO, stored at -20°C, and 

then diluted to appropriate working concentrations. 

3.23.2 Silver nitrate cauterization-induced corneal neovascularization 

assay 

Animals and anesthesia Female BALB/c mice (aged at 6-8 weeks) with 18 

to 20 gm body weight were used. Experiments were approved by the Animal Care 

and Use Committee of The Chinese University of Hong Kong，and were conducted 

in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision. 

Induction of corneal angiogenesis The identification of an appropriate and 

practicable corneal NV model is crucial for a valid exploitation of potential an-

ti-angiogenesis molecules and study of their pharmacokinetics. 

(1) Literature search and assessment of available corneal neovasculariza-

tion models (Table 1). 

(2) Selection of corneal neovascularization model to be used in our labora-

tory. 

The major criteria of selection are the practicability, economy and demand of 

skill, setup and technical transfer as well as data analysis and interpretation. The 

technical challenges include whether the model shows a appropriate pathophysi-

ological features of neovascularization development in corneal diseases, whether the 

setup is effective to develop pathological features in a rather short period of time, 

rather than a life-long phenotype progression in human whether the assay, whether 

the assay is reproducible with consistent and reliable data collection and analysis, as 
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well as whether the assay can be feasibly monitored and handled by other investiga-

tors after my graduation Besides, the assay should be at low cost and financially fea-

sible. The identification, establishment and application of appropriate and practicable 

models are thus crucial for the exploitation of potential anti-angiogenesis molecules 

and study their pharmacokinetics. 

(a ) Silver nitrate cauterization induced corneal neovascularization 

Chemical induction of corneal NV by silver nitrate cauterization was described 

previously (Mahoney et al., 1985)，and with some modifications (Cursiefen et al.’ 

2006). After the removal of central 2 mm (in diameter) corneal epithelium, a solution 

of 75% silver nitrate /25% potassium nitrate was applied by an applicator (with a 

diameter of 2 mm) on the central corneas region for 8 seconds, followed by extensive 

rinsing with sterile BSS. Since the force and duration of application affects the extent 

of damages and neovascularization, one designated operator for the procedure of 

cauterization is necessary and an assistant is required to perform an extensive rinsing 

of eye surfaces immediately after the chemical damage. 

(b) Suture-induced inflammatory corneal neovascularization assay 

The protocol was adopted from that described previously (Streilein et al, 1996; 

Cursiefen et al., 2004) with modifications. In brief three 11-0 nylon sutures were 

placed intrastromally with two stromal incursions extending over 120° of corneal 

circumference each. The outer point of suture placement was chosen at 1 mm close 

to the limbus, and the inner suture point was about 1 mm near to the corneal center 

equidistant from the limbus. This setting could obtain standardized angiogenic re-

sponses. Sutures were left in place for the duration of the experiment. 

To look for a suitable method of corneal NV induction, I have conducted 4 

kinds of injury settings and compared the damage outcome. They were (1) central 2 
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mm de-epithelization and silver nitrate cauterization, (2) total corneal 

de-epithelization and silver nitrate cauterization, (3) central 2 mm de-epithelization 

and suturing, and (4) total corneal de-epithelization and suturing. 

We compared the two methods that induce inflammatory corneal neovasculari-

zation on BALB/C mice: silver nitrate cauterization (Mahoney et al.，1985) versus 

suture-induced corneal neovascularization (Streilein et al., 1996; Cursiefen et al., 

2004) method on corneas with or without central 2-mm corneal de-epithelization and 

total corneal de-epithelization (Cursiefen et al., 2006). 

In each group of 5 BALB/C mice, after anesthetization with intraperitoneal 75 

mg/kg ketamine and 7.5 mg/kg xylazine, the right eyes received the damages at day 

0. 

At day 4 after injury, suturing and silver nitrate cauterization on corneas with 

central 2-mm de-epithelization had pronounced corneal angiogenesis. Morphometric 

analysis of the vascularized area within the boundary of limbal vasculature showed a 

significant increase of new blood vessel coverage on corneas after the combined 

treatments than with suturing alone (/'<0.01) or with silver nitrate cauterization alone 

(P<0.01). Suturing on de-epithelized comea had greater NV area ratio than that with 

intact epithelium (P<0.01). Suture-induced corneal neovascularization combined 

with total corneal de-epithelization had severe corneal reaction and with frequent 

corneal edema and inflammation. At the same time, silver nitrate cauterization with 

total corneal de-epithelization resulted in higher rate of corneal ulcer and inflamma-

tion. 

This preliminary work illustrated that the removal of intact corneal epithelium is 

a crucial determinant for the success of inducing inflammatory corneal neovascuali-

zation. For a first start of corneal angiogenesis protocol, silver nitrate cauterization 
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combined with central 2-mm corneal de-epithelization should be an appropriate 

model to be selected. Also, this kind of damages is feasible and can be performed on 

a large number of animals. 

Drug preparation and treatment Isoliquiritigenin (ISL; C15H12O4； CAS 

number: 961-29-5) was purchased from Tauto Biotech. (Shanghai, China). Epigallo-

catechin gallate (EGCG; C22H18O11； CAS number: 989-51-5), resveratrol (Rst; 

C14H12O3； CAS number: 501-36-0) were purchased from Sigma-Aldrich Co. (St 

Louis, MI, US). A 50 mM solution of lSL, EGCG and Rst were prepared in DMSO, 

stored at -2(fC, and then diluted to appropriate working concentrations. 

Experimental groups and controls Herbal chemicals of appropriate eyedrop 

concentrations were freshly prepared by diluting the stock solution with sterile BSS. 

Topical BSS only served as the control. Following damages, the mice were randomly 

assigned to different groups，with 10 mice in each group. Application of eyedrop was 

initiated immediately after damage four times daily for a total of 14 days. 

In situ photo-taking and mice killing After 7 or 14 days of topical treatment, 

the mice cornea was photographed under a stereomicroscopy (Wild MZ8 microscope; 

Leica) equipped with a DCC digital camera and imaging system (Leica). At day 7 

and 14，five mice in each group were sacrificed with intraperitoneal overdosed so-

dium pentobarbital. The eyes were enucleated with special attention of not causing 

corneal damage. 

Corneal wholemount and immunofluoresecence Excised corneas were 

rinsed in PBS and fixed in ice-cold acetone for 30 minutes on ice. After PBS washes 

for three times, the corneas were blocked with 2% bovine serum albumin (BSA) in 

PBS for 2 hours，they were incubated in FITC-conjugated rat anti-mouse PEC AM 

antibody (1:50; MEC13.3, Santa Cruz Biotech.) overnight at 4°C. After PBS washes, 
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all corneas were mounted on glass slides (HistoBond, Paul Marienfeld GmbH & Co., 

Germany) with epithelial side facing up and covered with GB fluorescence mounting 

medium, and stored at 4°C in dark. 

Vessel examination and quantification analysis Immunostaining results 

were analyzed with a fluorescence microscope (DMRB microscope; Leica) equipped 

with a color imaging system (Spot RT，Diagnostic Instruments). Images were cap-

tured with a 20x objective. A corneal montage was assembled using Photoshop CS3 

version. 

Vessel area analysis From the montage image, the corneal NV area revealed 

by PECAM immunoreactivity was measured using Image J software (National Insti-

tutes of Health IMAGE). The NV percentage was calculated by NV area over total 

corneal area restricted by the innermost limbal arcade vessel. 

Statistical analysis The significance of NV area in the whole cornea was cal-

culated using one-way ANOVA analysis of variance. Multiple group comparisons 

were performed using Tukey's multiple comparisons procedure. P-value < 0.05 was 

considered significant. 

3.2,3,3 Laser-induced choroidal neovascularization assay 

Animals and anesthesia All experiments were performed in accordance with 

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and 

in accordance with protocols reviewed and approved by the Animal Care Committee 

of the Chinese University of Hong Kong. 

Male C57BL-6 mice of age 6 to 8-week-old weighing 18 to 20 g were anesthe-

tized with intraperitoneal injection of 50 mg/kg of ketamine HCl and 10 mg/kg of 
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xylazine, and the pupils were dilated with 1% tropicamide. To prevent cornea drying 

and cataract formation when the mice were anesthetized (no blinking movement), a 

drop of 2% methylcellulose lubricant was applied on the corneal surface. 

Protocol of laser induced choroidal NV model 

(1) C57BL/6J mice at age of 6 to 8 weeks old were anesthetized with intraperi-

toneal 50 mg/kg of ketamine HCl and 10 mg/kg of xylazine. 

(2) Pupils were dilated with using two drops of cyclopentolate 1% and pheny-

lephrine hydrochloride 10%. 

(3) A glass coverslip with a drop of 2% methylcellulose lubricant was placed 

over the cornea to flatten it and the fundus was visualized under slit lamp biomicro-

scopy. 

(4) A green argon laser set at 100 mW，0.1 sec duration, and 100 |im spot size 

was focused on the RPE and the laser bum was applied at approximately one disc 

diameter from the optic nerve. 

(5) Three separate laser photocoagulation bums were induced to rupture the 

Bruch's membrane at three separate locations. 

(6) Creation of air bubble at the time of laser application indicates the rupture 

of Bruch's membrane and this ensures the quality and consistency of laser lesions 

(7) After laser photocoagulation, a drop of hydroxypropylmethyl-cellulose 

ointment (Novartis) was applied onthe corneal surface. 

Comparison with subretinal injection of Matrigel in rabbit model In a re-

cent study (Qiu et al.，2006), CNV was induced in rabbits by sub-retinal injection of 

VEGF-enriched matrigel matrix. The matrigel serves as a slow-release reservoir of 
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growth factors and a scaffold for growth of subretinal neovascularization. In this 

model, the inflammatory response to the matrigel plays a key role in development of 

CNV. In our laboratory, we also tried to conduct this matrigel-induced CNV, how-

ever, the easy solidation of matrigel at ambient temperature and demand of fine sur-

gical technique and sub-retinal injection limit the performance of this assay. 

Laser photocoagulation on mouse retina Three 532-nm argon laser spots 

(100 mW power，100 msec duration, 100 m spot size; multi-laser length laser, Ar-

gon laser, Novus Omni, Coherent) were applied to each fundus through the slit lamp 

delivery system of a photocoagulator (OcuLight GL Photocoagulator; Index, Moun-

tain View, CA) and using a hand-held cover slide as a contact lens. The lesions were 

placed between retinal vessels 2 to 3 disc diameters from the optic nerve. Formation 

of a bubble at the time of laser application, which indicated the rupture of Bruch 

membrane, was an important indicator of successful irradiation to induce CNY. Only 

bums in which a bubble was produced were included in the study. Bubbles formed in 

accompany with retinal hemorrhage were excluded. 

Experimental animal groups and controls Laser-photocoagulated mice 

were randomly divided to receive drug or control treatment. The drug injection was 

performed immediately after the laser treatment. The eyes were intravitreously in-

jected with drugs as treated group and the eyes with sterile BSS as control. For vari-

ous literatures, the vitreal volume of young mice (6-8 weeks old) is ranged from 

10-12 ĵ l (Heiduschka et al., 2007). We estimated the vitreal volume of our experi-

mental mice was � 1 0 Hence, the injection concentration should be lOX as that of 

the working concentration in the chorioidal region and may be lOx as that used in 

topical application for corneal NV. 

Vessel examination and quantification analysis 
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(a) Fundus Fluorescence angiography (FFA) In order to detect the devel-

opment of CNV，FFA was performed on day 4, 7 and 10，respectively, as a longitu-

dinal study (Edelman et a l , 2000; Campos et al , 2006). Mice exhibiting intact le-

sions in the control eyes at day 4 were selected for FA analysis. A minimum of 9 le-

sions were analyzed for each treatment group and experiments were done in dupli-

cates. 

FFA was performed in non-anesthetized mice with dilated pupils using a digital 

fundus camera (Heidelberg Retinal Angiograph 2，HRA2, Heidelberg Engineering 

company, Germany). Fluorescein injection was administered intraperitoneally (0.02 

ml of 5% fluorescein; Akom, Decatur, IL) at time 0. A PMMA contact lens (base 

curve, 1.65 mm, power 7.0 D，size 2.5 mm) was placed on the mouse cornea to im-

prove the visualization of retinal structures and prevent corneal drying. Digital im-

ages of fundus were taken continuously for a total of 5 minutes. Infrared picture was 

obtained to illustrate the laser lesion site. After imaging at day 10’ the mice were eu-

thanatized with overdosed pentobarbital and the eyes were enucleated under PBS in 

dust-free condition. 

(b) Analysis of FFA images Representative digital FA images were selected 

at 3 time-points of FA examination, namely early (1-2 min), middle (2-4 min) and 

late (>5 min) stages to illustrate the extent and rate of fluorescein leakage of CNV in 

the lesion sites. The pictures were analyzed in double blind by at least two masked 

retinal ophthalmologists or laboratory investigators, including Dr Vincent YW Lee, 

Dr Gary HF Yam and myself. We followed the grading standards reported earlier 

(BCrzystolik et al., 2002; Zambarakji et aL, 2006). Grade 1 lesions have no hyper-

fluorescence. Grade 2 lesions exhibit hyperfluorescence without leakage. Grade 3 

lesions exhibite hyperfluorescence in the early or middle stages and late-stage leak-
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age. Grade 4 lesions show bright hyperfluorescence in all stages and late-stage leak-

age beyond the treated areas. Grade 4 lesions are defined as clinically significant and 

represent the severe cases of retinopathy in human. 

(c) Choroidal flatmount After FFA examination at day 10, mice were sacri-

ficed with intraperitoneal overdosed pentobarbital. Eyes were enucleated and fixed in 

freshly prepared neutral buffered 4% paraformaldehyde for 1 hour. After PBS wash-

es, the anterior segment, lens and the entire retina was carefully removed from the 

eye-cup. The remaining choroid and scleral tissue was incubated in a blocking buffer 

(2% BSA, 0.5% Triton X-100 in PBS) for 1 hour at room temperature. The speci-

mens were then incubated with an isolectin-B4 antibody (Campos et al., 2006) over-

night in PBS added with 0.5% BSA with gentle agitation at 4oC. After PBS washes, 

the choroids-sclera samples were partially cut into 4 quadrants with intact optic nerve 

region and flattened on glass slides. The samples were mounted with GB fluores-

cence mounting medium, sealed with a piece of cover glass and stored at -20°C in 

dark. 

(d) Choroidal neovascularization evaluation and analysis Choroidal flat-

mount were examined with a fluorescence microscope (DMRB microscope; Leica) 

equipped with a color imaging system (Spot RT). Image of each lesion was taken at 

40x magnification. Image J software was used to measure the total CNV area (pixel) 

in each lesion site. An established and constant threshold in pixels (corresponding to 

threshold fluorescence) was used to quantify the neovascularization. 

Statistical analysis CNV leakage grading was performed from FA images at 

early, middle and late stages. Total FA grades in different groups and percentage of 

lesions with different grades were calculated and compared with controls. One-way 

ANOVA analysis of variance was used to calculate the degree of significance. P < 
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0.05 was considered significant. 
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CHAPTER 4 

RESULTS: 
The effect of selected herbal molecules in 

ocular neovascularization: in vitro & in vivo studies 

4.1 Effect of isoliquiritigenin in ocular angiogenesis 

4.1.1 In vitro studies 

4.1,1,1 Cytotoxicity analysis 

ISL of working concentrations ranging from 5 to 50 jiM was tested for its cyto-

toxicity. ARPE19 cells were seeded at a density of 7x10^ cells overnight before drug 

treatment. At day 0, ISL in medium containing 2% FBS was added to cell culture. 

Cells were collected at 1, 3 and 5 days for MTT cell proliferation/viability assay 

(Figure 4). At lower doses (5 to 10 ^M), ISL promoted ARPE19 cell growth (5 ^M: 

133%; 10 |iM: 145% of untreated cells at day 5). At concentrations higher than 15 

fiM, ISL prohibited cell proliferation to levels lower than the untreated control at all 

assay time points. 

4,LI,2 Scratch woundHUVEC migration assay 

Validation of HUVEC growth and migration assay and controls The assay 

model and data interpretation was examined by testing with controls, including Avas-

tin (312 j^g/ml) or PP2 (10 nM) in conditions with or without VEGF (20 ng/ml). 

Figure 5 A showed a time-dependent increase of HUVEC number in the denuded area 
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after scrapping in our scratch-wound HUVEC migration model. At 24-hour, un-

treated HUVEC with 14.1 士5.7 cells/mm^ was observed. In the presence of VEGF, 

there was increased HUVECs migrated to the wound area (35±9.3 cells/mm^). 

Treatment with Avastin reduced VEGF-stimulated migration and the cell density was 

18,4士4.2 per mm . Application of PP2 in the presence of VEGF further reduced 

HUVEC migration to 14±5 cells/mm^ (Figure 5B). Our result validated the 

scratch-wound model as HUVEC growth and migration assay. 

ISL inhibited HUVEC growth and migration To study the potential of ISL 

in affecting VEGF-induced HUVEC growth and migration, three doses (5, 10 and 15 

|iM) were tested. Compared to VEGF control, ISL showed a dose-dependent de-

crease of HUVEC migration (Figure 5C). With reference to 24-hour treatment, the 

cell density at denuded area was 21.1 士6.5 cells/mm2 for 5 jiM ISL, 13士 1.7 

cells/mm2 for 10 ^iM ISL and 14.3±6.1 cells/mm^ for 15 jiM ISL, respectively. 

These levels were significantly lowered than VEGF control (35±9.3 cells/mm^) 

(P<0.05, paired Student's t-test) and was lowered than that of Avastin-treated cells 

(18.4士4,2 per mm，）(Figure 5C). Since 15 |iM ISL might show toxicity to cells, my 

result indicated that the non-cytotoxic 10 \xM ISL was potent in suppressing HUVEC 

growth and migration. 

4.1.2 In vivo angiogenesis studies 

4,1,2.1 Developmental angiogenesis in chick CAM assay 

Six working concentrations of ISL (2，5，10, 25，50, 100 |iM) were tested by the 

gelatin-sponge chick CAM model. Recombinant human VEGF was also tested for 

the induction to angiogenesis. Gelatin sponge with BSS vehicle served as the blank 

control. Sponge containing 0.6 pg polyclonal anti-VEGF antibody) or Avastin (75 |ig) 
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were the negative control, respectively (Figure 6). After incubation of fertilized eggs 

for 8 days, the progression of chick CAM blood vessels was monitored by a micro-

graph imaging under stereomicroscopy at 0 and 24 hours (day 9 post-fertilization). 

The number of CAM vessels converging towards the edge of gelatin sponge was 

quantified. Vessel index was obtained by the difference of vessel converging on the 

sponge at 24-hour interval compared to that of 0-hour, then divided by vessel number 

of 0-hour. Application of sponge with 60 ng recombinant human VEGF resulted in 

the dense appearance of new blood vessels converging towards of the gelatin sponge 

(Figures 6C, 6D). The quantification result showed that at lower ISL concentration 

(2 |iM) (Figures 7A, 7B), there was a suppressive effect on chick embryonic blood 

vessel with reference to that of the BSS control group (Figures 6A, 6B). The vessel 

index was 0.18±0.24 (mean 士 SEM) (n=l l ) compared to that of control (0.95±0.12, 

n=18) (/'=0.009, one way ANOVA test). ISL at 5 |iM showed no clear increase of 

chick CAM vessel and the angiogenesis ratio was 0 (n二 19) (Figures 7C，7D) 

(尸<0.001, one way ANOVA). ISL at concentration >/= 10 \xM reduced the number of 

CAM blood vessels (vessel index of 10 |iM was -0.03士0.09, n=22) (Figures 7E, 7F) 

(P<0.001, one way ANOVA test). Treatment with ISL at 25 îM resulted in more in-

hibition of vessel development than other doses (Figures 7G, 7H). Application of 

sponge with 60 ng recombinant human VEGF resulted in the appearance of new 

vessels, and the ratio was about 2 folds as that in the BSS blank control measurement 

(Figure 8). Use of polyclonal anti-VEGF antibody (0.6 jig) (Figures 6E, 6F) showed 

significant suppression on CAM vessel growth (O.U士0.06，n=12, p=0.01, one way 

ANOVA test). Treatment of Avastin did not show similar chick CAM blood vessel 

number change as that of BSS control (Figures 6H). 
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4丄2,2 Pathological angiogenesis of silver nitrate cauterization in-

duced corneal neovascularization assay 

This experiment was sought to investigate the efficacy of ISL on corneal angio-

genesis. As a common route of administration for treating corneal surface disorders, 

ISL (ranging from 0.5 to 50 ^iM) was applied topically on the injured corneal sur-

faces at a standard 4 times daily. The corneal neovascularization was induced by 

scraping of the central 2-mm corneal epithelium combined with silver nitrate cau-

terization (please refer to Materials and Methods) in BALB/c mice. After injury, the 

mice were randomly divided into 6 groups with 10 mice each and received ISL eye-

drops for a total of 14 days. Topical BSS for 4 times daily was employed as control. 

Half of mice in each group were sacrificed at day 7 (Figure 9) and the other half was 

terminated at day 14 (Figure 12). The corneas were harvested for immunofluores-

cence of CD31 (PECAM)-FITC conjugate (Figures 10，13)，which is a vascular en-

dothelial cell marker. The extent of neovascularization was represented as the per-

centage o f N V area in the whole corneal surface area. 

In BSS control corneas, the onset of peripheral NV was observed on day 2 after 

injury. The vessels grew towards the central cornea and reached the center of cornea 

by day 14. In some control corneas, elevated paimus was found on the corneal sur-

face, indicating a disruption of corneal epithelium. Although phenotypic variations in 

the NV progression were found in different mice, the onset of NV at day 2 after in-

jury was almost identical. 

In ISL treatment groups, the extent of corneal NV justified by the percentage of 

NV area changes was suppressed by ISL at doses =/> 1 |uM, applied at 4 times daily 

for seven days. The ratio of NV area of cornea was 0.24士0.03 (mean 士 SEM) in l|iM 

ISL treated group (n=5), in comparison with BSS control group (0.5士0.04，n=5) 

(P=0.000, one-way ANOVA test). Topical application of ISL>/=5 |aM showed simi-
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lady significant suppression on corneal NV formation and growth, accounting for 

about one third o fBSS control group (0.19±0.02, 0.149士0.025，0.17士0.04 for ISL at 

5, 10，50 jiM topical administration, respectively, n=5 each group, P =0.000, 

one-way ANOVA test). On the contrary, ISL at 0.5 fxM showed no effect in sup-

pressing corneal new blood vessel formation and growth in contrast to BSS control 

group (0.43士0.08 for 5 FIM ISL treatment. And 0‘:5士0.04 for control groups, n=5) 

(p二0.282，one-way ANOVA test) (Figure 11). Treatment with ISL at 10 |iM resulted 

in more inhibition of vessel development than other doses. 

We found that the outgrowths of blood vessels was inhibited by higher concen-

tration of ISL significantly (P<0.05), this effect last from day 7 to day 14. On day 14， 

for the BSS control group, the NV area expanded accounting for two third of whole 

corneal area (0.68士0.04, n=5). Ratio of corneal NV area for 0.5 ^M ISL treated mice 

was decreased to 0.557±0.148, n=5 (P=0.209, one-way ANOVA test, compared with 

control group). In 1 |iM ISL treated group, NV area reached about 1/3 of whole cor-

neal area, showing a suppressive effect of corneal NV growth {P =0.000，n=5, 

one-way ANOVA test). In concentration >/=5 jiM ISL treated group, the NV area 

was about 20% of whole corneal area (0.248士0.012, 0.221 士0.038, 0.232士0,018 for 

ISL at 5, 10 or, 50 |aM respectively, n=5 for each treatment group) (P =0.000, 

one-way ANOVA test). Treatment with ISL at 10 |iM resulted in more inhibition of 

vessel development than other doses (Figure 14). It was concluded that ISL was ef-

fective to inhibit corneal NV progress. 

4.L2.3 Pathological angiogenesis of laser-induced choroidal neovas-

cularization assay 

This experiment was sought to investigate the efficacy of ISL on choroidal an-
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giogenesis. As a common route of administration for treating retinal vessel disorders, 

ISL was applied intravitreally once immediately laser injury. C57B/L mice with 3 

spots of laser injury induced were randomly divided in 4 groups (3 mice each group) 

and received intravitreal ISL as treated group and intravitreal BSS as control. The 

laser-injured lesions (n=9) were monitored at day 4，7 and 10 by fundus fluorescein 

angiography. At day 10, all mice were sacrificed and choroidal NV was detected by 

immunofluorescence with isolectin-B4-FITC conjugate (Figure 15). 

Three concentrations of ISL (10, 50 and 200 )iM) were tested in this experiment. 

The selection of these doses was based on the reported mouse vitreal volume as 10 to 

12 |xl (Heiduschka et al., 2007). Since our intravitreal injection volume was kept to a 

minimal of 1 îl to prevent post-injection ocular hypertension and associated ocular 

injuries, the injection dose was adjusted to 10 times higher in concentration. Hence 

the injection doses of 10, 50 and 200 }iM will be converted to the working doses of 1, 

5 and 20 \iM, respectively. 

Fluorescein leakage in lesions C57BL/c mice were examined in each group 

by fundus fluorescein angiography (FFA) longitudinally (representative FFA were 

shown in Figure 14), and the percentages of lesions per eye with leakage illustrated 

by FFA are shown in Figure 16. At day 4, grade 4 with clinically significant lesion 

was more prevalent in BSS control mice (accounted in 60% of lesions) whereas it 

was the least developed in mice with 20|aM ISL (0%). The percentage of grade 4 le-

sions was 11% in 1 (iM ISL group and also in 5 îM group. Lesion scored at or below 

grade 2 was accounted in two third of lesions in ISL treatment groups, and this was 

shown by reduced fluorescein leakage. On the contrary, in BSS group, almost 80% 

lesions showed bright, even sharp bright fluorescein leakage, indicating the success 
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of choroidal NV establishment. The NV was improved in ISL treatment groups. For 

day 7 FFA examination, grade 4 lesion was not observed in mice with intravitreous 

injection of ISL at 1 & 5 fiM, and there is no change in IV ISL 20 \iM group and de-

creased to 44% in BSS control group. On day 10, choroidal neovascularization usu-

ally grows to maximum size, and causes the most severe fluorescein leakage in 

mouse model. In IV ISL treatment eyes, the proportion of grade 4 lesion leakage was 

0, and most of lesions were scored less than grade 2. The percentage of lesion of 

grade 1 and 2 was 100% in 1 ĵ M ISL group, 77% for 5 |j,M ISL group, and 66% for 

20 ^iM ISL group. In the control group, there were 44% lesions showing hyperfluo-

rescein leakage (Figure 16). 

4.1.2,4 Choroidal neovascularization area 

At day 10，the mice were sacrificed and choroidal NV area detected by im-

munofluorescence with isolectin-B4-FITC conjugate was measured by Image J soft-

ware. Choroidal neovascularization area was 16674士5133 pixels for intravitreal ISL 

(1 jiM) treated group, 15114士3706 pixels for 5 ^iM, and 14060±1822 pixels for ISL 

20 nM treated group. They were compared to 27348士7352 pixels for IV BSS control 

group (P<0.05, n=9 each group, one-way ANOVA test) (see Figure 17). Data were 

expressed as mean±SEM, and our study showed that ISL treatment suppressed la-

ser-induced-choroidal neovascularization in a dose dependent manner. 

4.1.3 Protein analysis 

4.1 JA VEGF expression (Figure 48) 
Western blotting and band densitometry analysis followed by the normalization 

of specific band intensity with housekeeping GAPDH intensity, a lower VEGF ex-
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pression was observed in HUVEC under serum-free and growth factor-free starvation 

(sample 2) when compared to HUVEC in normal culture (sample 1). Supplementa-

tion of exogenous VEGF (20 ng/ml) induced a higher cellular VEGF level in sample 

3. Simultaneous addition of Avastin (312 |ig/ml, sample 4)，on the other hand, ef-

fectively suppressed cellular VEGF expression (P<0.005, paired Student's t-test). 

Incubation for 24 hours with ISL (10 fiM, sample 5) significantly down-regulated 

cellular VEGF level (P<0.005, paired Student's t-tesf). 

4,13.2 PEDF expression analysis (Figure 48) 

By Western blotting and band densitometry analysis followed by normalization 

of specific band intensity with housekeeping GAPDH, moderate PEDF expression 

was observed in HUVEC under normal culture condition (full medium, sample 1)， 

starvation (sample 2), VEGF-supplementation (sample 3), treatment with VEGF and 

Avastin (312 |ig/ml, sample 4). However, treatment of cells with ISL (10 }iM, 

sample 5) resulted in a significant elevation of PEDF expression (P<0.005, paired 

Student's t-test, compared to VEGF-supplemented sample 3). 

4,1.3,3 Akt activation assay (Figure 49) 

By Western blotting of phospho-Akt and pan-Akt followed by band densitome-

try analysis, Akt activation level was represented by the percentage of phospho-Akt 

in pan-Akt. For HUVEC under normal culture condition (full medium, sample 1)， 

more than 80% of Akt was active. Upon starvation (sample 2), there was a slight re-

duction of pan-Akt and, in particular, the active Akt level was reduced to about 38%. 

Supplementation of VEGF (20 ng/ml, sample 3) brought up the Akt expression level 

and the percentage of active Akt to that of normal cells. This was even less than that 
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of Avastin treatment (sample 4, down to 51%). However, ISL (10 jxM, sample 5) did 

not affect the activated Akt levels. 

4,1.3,4 Pan-Akt expression (Figure 49) 

By Western blotting of pan-Akt and band densitometry followed by normaliza-

tion with that of housekeeping GAPDH, pan-Akt expression in HUVEC was 

changed upon various treatments. When compared to cells supplemented with VEGF 

only, a reduction of Akt expression was observed when cells were treated for 24 

hours with VEGF and Avastin (312 |Lig/ml, reduced by 40%). On the other hand, 

higher Akt levels were found in cells with ISL (10 jjJVl) (up-regulated by 30%). 

4.1,3,5 FAK activation assay (Figure 50) 

The starved HUVEC was treated with Avastin (312 |ig/ml) or 10 |iM ISL, in the 

presence of 20 ng/ml VEGF, for 24 hours. Western blotting of soluble cell lysates 

showed very low expression of FAK and phospho-FAK in starved cells before treat-

ment. In cells incubated with VEGF, FAK was stimulated for more than 10 folds 

when compared to starved cells. The expression of phospho-FAK (Y576/577) was 

-20% of total FAK. This level was unchanged in Avastin treated cells. Treatment 

with ISL (10 |j,M) mildly increased total FAK expression as well as the proportion of 

phospho-FAK in total FAK (-50%). 

4,L3.6 MMP-2 expression (Figure 51) 

In normal culture condition, the proliferating HUVECs (sample 1) had pre-

dominant expression of proteolytically active MMP-2 (with molecular size of 55-60 
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kDa). After starvation, most of the MMP-2 was remained inactive as pro-MMP-2 

with molecular size of -65 kDa and negligible active MMP-2 was observed (sample 

2). Starved cells supplemented with VEGF (sample 3) showed about 20% active 

MMP-2. Similar levels were also observed for cells with Avastin (312 jug/ml) (sam-

ple 4) and ISL (10 f^M) (sample 5). Similar result was observed in duplicated ex-

periments. 

4,1,3,7MMP-9 expression (Figure 51) 

Western blotting analysis showed the specific MMP-9 immunoreactive band at 

� 1 0 0 kDa position. Except the starved cells, all cells with or without treatment with 

Avastin or different herbal chemicals showed moderate expression of MMP-9. There 

was no distinct difference among treatment groups. Starved cells exhibited negligible 

MMP-9 expression. 

4.1.4 Discussion 

Isoliquiritigenin (ISL)，which is isolated from licorice, shallot and bean sprouts, 

is a potent anti-oxidant with anti-inflammatory and anti-carcinogenic effects (Kwon 

et al., 2009; Kanga et al., 2010; Park et al•，2010). Many studies investigating ISL 

mechanisms were performed on cancer cells, such as DU145 human prostate cancer 

cells and HeLa human cervical cancer cells, and ISL was reported to inhibit MAPK 

and JNK/AP-1 signaling as well as induced G2 and M phase arrest. Recent research 

has indicated that N F - K B is tightly involved in the production of V E G F in different 

cell lines (Jo et al., 2004; Korkolopoulou et a l , 2008; Zhang et al., 2009). In the 

study using ACC cells, ISL down-regulated VEGF production and prevented ACC 
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cell-induced angiogenesis through the inhibition of N F - K B activation (Zhang et aL, 

2006; Zhang et aL, 2009). 

In this study, ISL when applied at sub-toxic dose of 10 |iM reduced the growth 

and migration of HUVEC in the in vitro scratch-wound model. The effect was even 

stronger than that of Avastin within 24 hours of examination. Indeed, when compar-

ing different selected herbal chemicals, ISL at 10 fiM demonstrated the best efficacy 

in reducing HUVEC migration. This effect was not mediated by suppressing VEGF 

binding to its cognate receptor in endothelial cells or VEGF signaling as similar in-

hibition was found for condition without VEGF supplementation. Though FAK was 

activated by ISL, the elevated PEDF could be associated with its inhibitory effect on 

HUVEC cell growth and migration (Kim et aL, 2004). 

Also, in this study, proliferating HUVECs at half confluence were recruited to 

study the suppressive effect of ISL on endothelial cell growth and migration. Treat-

ment of ISL at 10 \iM for 24 hours decreased the intracellular VEGF expression and 

simultaneously up-regulated PEDF levels. Reported low level of VEGF by ISL ap-

plication was evidenced in DU145 human prostate cancer cells (Kwon et al.，2009). 

PEDF is known as a potent anti-angiogenic molecule and its induction by ISL could 

be one of the mechanisms by which ISL inhibits endothelial cell growth and migra-

tion. 

Most importantly, the in vivo studies verified the in vitro findings. ISL treatment 

effectively reduced developmental blood vessel growth in chick CAM assay and pa-

thological neovascularization on corneal surface and choroidalin mice. Two different 

routes of application, namely topical and intraviteal, were tested and both demon-

strated an effective suppression of the corresponding NV. This study, for the first 

time, demonstrated a dose-dependant NV suppression effect of ISL in developmental 
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angiogenesis and pathological ocular angiogenesis. 

In chick CAM assay, which is the most widely employed in vivo model for 

studying vessel development, ISL markedly and dose-dependently inhibited the de-

velopment of cpillary networks. The inhibitory effect of ISL at 5 \iM balanced the 

endogenous angiogenic effect of chick growth factors in the CAM model. When ap-

plied at doses higher than 5 juM (until 100 jiM in my assay) effectively regressed the 

growth of new and preexisting blood vessels. The optimized dose was found to be 

about 25 |iM. 

In a mice experiment of silver nitrate cauterization-induced corneal NV, ISL 

when topically applied at concentration >1 fxM also demonstrated a significant re-

duction in NV area in which new blood vessels sprouted from pre-existing limbal 

capillary network. In the choroidal NV experiment, vascular leakage was decreased 

at the dose equivalent to the therapeutic dose of ISL, verified through FFA examina-

tion and choroidal flat mount. All the above results are consistent with our in vitro 

findings. The presence of infiltrating cells and other inflammatory cytokines and 

molecules have been reported at the site of laser bums (Yi et al., 1997; Kwona et al.， 

2009). It is probable that ISL suppressed the activity of VEGF and simultaneously 

up-regulated PEDF expression to prohibit angiogenesis and inflammation. 

VEGF is a major angiogenic stimulator of hypoxia-induced corneal inflamma-

tion and angiogenesis (Singh et al. 2007)，increased VEGF levels have been shown 

to be a common pathologic factor in neovascular ocular diseases of humans, as well 

as in the animal model of alkali-induced corneal disease (Shen et al., 1998). Under 

certain hypoxic conditions in the cornea, as found in inflammation and injury, an-

giogenic stimulators are overproduced, whereas angiogenic inhibitors are decreased 

(Amano et al., 1998). The disruption in the balance between these factors results in 
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NV. VEGF is a secreted peptide found extensively in the epithelium of vascularized 

corneas secondary to inflammation (Kvanta, 2006). VEGF binds to tyrosine-kinase 

receptors, VEGFRl (FIM) and VEGFR2 (Flk-1), and also the neuropilins which lack 

tyrosine-kinase activity. VEGF signalling is modulated by angiopoietins that bind to 

Tie-2 receptors (Campochiaro et al., 2004). Soluble Tie-2 receptors curb and re-

gresses corneal NV independent of VEGF in murine models of mechanical-alkali 

injury-induced corneal NV (Singh et al , 2005b). The avascular cornea owes it trans-

parency to soluble VEGFR-1 (sFlt-1) that acts as a decoy receptor for VEGF-A, a 

potent stimulator of corneal NV (Ambati et al., 2006). VEGF is also produced at a 

much higher concentration basally near the VEGF receptors on the choriocapillaris 

under hypoxic conditions (Blaauwgeers et al.，1999). 

Though VEGF is the main regulator in ARMD, increased VEGF alone is not 

enough to cause subretinal neovascularization. A transgenic model of increased 

VEGF production by RPE and choroid showed that vasculature is increased but only 

within the choroid and none had invaded Bruch's membrane. Additional environ-

mental insults and the balance of the angiogenic versus anti-angiogenic factors de-

termine whether choroidal neovascularization will be present (Schwesinger et al., 

2001). 

PEDF，initially known as a neurotrophic factor, has antiangiogenic properties 

that maintain the eye free of vascularization by reducing VEGF induced chemotactic 

endothelial cell migration and proliferation via apoptosis (Mori et al, 2001). It is 

found abundantly in RPE, iris and cornea (Ortego et al., 1996; Karakousis et al, 2001) 

and recently has also been detected in the tear fluid of healthy individuals (Abdiu et 

al., 2008). Its anti-angiogenic activity is selective in that it is effective against newly 

forming vessels but spares existing ones, and the action is reversible (Bouck et al., 
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2002). Since PEDF inhibits bFGF-induced corneal NV (Dawson et al, 1999) it may 

serve as an additional molecule sustaining the cornea's 'ocular privilege'. It is also 

highly expressed in the RPE covering choroidal NV at much higher levels when ne-

ovascularization first occurs (Ogata et al, 2002). The vitreous concentration of PEDF 

has been found to be lower in eyes with choroidal neovascularization as compared to 

age-matched controls (Ogata et al., 2004; Tong et al., 2006).In late stages of ARMD, 

PEDF is directly related to the oxygen levels in the eye and is reduced in ischemic 

eyes or those under oxidative stress (Dawson et al. 1999; Matsui et al. 2001). 

Our results support the previous findings that ISL inhibits the cascade of an-

giogenesis and inflammation via suppression of VEGF (Sheela et al., 2006). In addi-

tion, we showed a significant up-regulation of PEDF, which showed effectively inhi-

bition of new vessel formation and endothelial cell proliferation. 

In my study, treatment with ISL in half-confluent HUVEC showed decreased 

intracellular VEGF expression and simultaneously up-regulated PEDF levels, which 

maybe the major contribution to suppress ocular neovascularization. This speculation 

is supported by a recent clinical study where PEDF concentrations in the vitreous of 

individuals with choroidal neovascularization because of age-related macular degen-

eration were found to be significantly lower than that in the vitreous of age-matched 

controls (Holekamp et al., 2002). ISL also suppressed VEGF-induced endothelial cell 

migration. We, on the other hand, did not observe that the anti-angiogenic effect of 

ISL was mediated via Akt or FAK pathways. 

MMPs also play an important role in tumor invasion, angiogenesis and inflam-

matory tissue destruction (Dollery et al” 2006; Nagase et al., 2006). Increased ex-

pression of MMPs was observed in benign tissue hyperplasia and in atherosclerotic 

lesions (Tosetti et al., 2002; Dollery et al., 2006). These enzymes may contribute to a 
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cell-invasion favoring matrix modification and, thus, to an invasive aggressiveness of 

tumor cells (John et al’，2001; Tosetti et al , 2002). Invasive cancer cells utilize 

MMPs to degrade the extracellular matrix (ECM) and basement membrane during 

metastasis, and MMP-2 has been implicated in the development and dissemination of 

malignancies (Kargozaran et al., 2007). The interaction between malignant cells and 

peritumoral benign tissues including the vascular endothelium may serve as an im-

portant mechanism in the regulation of tumor invasion and metastasis (Kargozaran et 

al., 2007). Their proteolytic activities are regulated by inhibitors or activators, such 

as tissue inhibitors of MMP (TIMPs), membrane-type MMP (MT-MMP) and uroki-

nase-type plasminogen activator (uPA) (Kugler et al., 1999; Bouck et al , 2002; Das 

et al., 2006). It was also assumed that ISL blockade of MMP production and activa-

tion hampered endothelial cell motility (Kanga et al., 2010). However, in my study, 

the protein analysis did not show any MMP-2 reduction after ISL treatment in HU-

VECs’ nor the MMP-9 expression. This might be due to our experimental setup with 

the inclusion of VEGF in the medium. This was suggested to surrogate the reduced 

VEGF caused by ISL and hence, maintaining the MMPs levels. However, in an ab-

solute absence of VEGF, ISL suppressed MMP levels to inhibit endothelial cell mo-

bility (Kanga et al., 2010). MMP was involved in the angiogenic and metastatic cas-

cades of knockout or transgenic animals and tumor cell lines overexpressing or 

down-regulating a specific MMP (Chesler et al., 2007; Blazquez et al., 2008; 

Pulukuri et al., 2008). It was found ISL decreased EGF-induced secretion of uPA, 

MMP-9, TIMP-1 and VEGF, but increased TIMP-2 secretion in a concentra-

tion-dependent manner (Kwon et al., 2009). 

Therefore, ISL down-regulated VEGF and induced PEDF to favor the an-

ti-angiogenesis and, thus, represents a novel mechanism underlying the inhibitory 
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effect of ISL on ocular NV. Although this implies that blockade of VEGF activity 

alone is sufficient for the complete inhibition of NV, a synergy might exist between 

VEGF and PEDF, or other angiogenic factors, which all need to be blocked concur-

rently for complete inhibition. 

4.1.5 Conclusion 

The present study demonstrated for the first time that ISL, a natural flavonoid 

derived from licorice, significantly and specifically suppressed angio genesis both in 

vitro and in vivo, relating to the up-regulated PEDF level. My findings systematically 

dissected the effects of ISL on the VEGF signaling pathway in endothelial cells, de-

termined the importance of up-regulated PEDF or the anti-angiogenie activity of ISL, 

and shed new light on the mechanisms of anti-angiogenic activities of ISL, as well as 

implicated its great therapeutic potential candidate for the tumor and ocular neovas-

cularization diseases. 
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4.2 Effect of epigallocatechin gallate in ocular angiogenesis 

4.2.1 In vitro studies 

4.2.1,1 Cytotoxicity by MTTAssay 

By MTT cell proliferation/viability assay, we tested EGCG in the range of 10 to 

100 juM. A dose-dependent effect on RPE cell proliferation was observed. At dosages 

below 50 fiM, EGCG promoted cell proliferation at all investigated time points (10 

|iM: 163% and 50 |iM: 121% when compared to untreated cells at day 5) (Figure 

20). At concentration of 100 i^M, EGCG reduced cell proliferation (down to 17% 

when compared to the untreated control at day 5). This indicated that EGCG at or 

below 50 |aM was not cytotoxic to RPE cells. 

4.2丄2 Effect on HUVEC migration 

To test if EGCG possesses the potential to affect VEGF-induced HUVEC 

growth and migration, three doses (10, 20 and 50 i^M) were selected for the 

experiment. Compared to VEGF control (35士9.3 cells/mm^), EGCG showed a 

dose-dependent decrease of HUVEC migration to the denuded area (Figure 21 A). 

Among them, 50 |LIM EGCG exhibited the best suppressive action. With reference to 

24-hour of treatment, EGCG at 50 juM had 9.4士2.7 cells/mm^ denuded area (Figure 

21C) which was much lower than that of Avastin control (18.4士4.2 per mm ) (Figure 

2IB). On the other hand, less inhibitory effect was seen for 10 |iM (30.9士8.1 

cells/mm^) and 20 îM EGCG (20士3.2 cells/mm^) (Figure 21C), respectively. Since 

it did not show any cytotoxicity, we suggested that the sub-toxic 50 fiM EGCG was 

more potent in the anti-angiogenic activity. 
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4.2.2 In vivo angiogenesis studies 

4,2,2.1 Suppression of developmental vessel growth in chick CAM asay 

Six working concentrations of EGCG (0.5, 1, 5，10, 50, 100, 250 ^iM) were 

tested by the gelatin-sponge chick CAM model (Figure 22). Recombinant human 

VEGF165 was also tested as the positive control to induce vessel growth towards the 

sponge. Gelatin sponge with BSS served as the blank control. Sponge containing 0.6 

|j,g polyclonal anti-VEGF antibody (Santa Cruz) or Avastin (75 |ig) were the negative 

control, respectively (Figure 6). After incubation of fertilized eggs for 8 days, the 

progression of chick CAM blood vessels was monitored by a micrograph imaging 

under stereomicroscopy at 0 and 24 hours (day 9 post-fertilization). The number of 

CAM vessels converging towards the edge of gelatin sponge was quantified. Vessel 

index was calculated as the difference of vessel converging on the sponge at 24-hour 

interval compared to that at 0-hour, then divided by vessel number at 0-hour. Appli-

cation of sponge with 60 ng recombinant human VEGF165 resulted in the dense ap-

pearance of new blood vessels converging towards the gelatin sponge (Figure 6C， 

6D), and the ratio was about 2 folds (1.85士0.47) as that of the BSS blank control 

(0.95±0.12, n=18, P=0.002, one way ANOVA test) (Figure 6A, 6B,). Use of poly-

clonal anti-VEGF antibody (0.6 |ag) showed significant suppression on CAM vessel 

growth (0.11±0.06, n=12, P=0.012, one way ANOVA test) (Figure 6E, 6F,). Treat-

ment of Avastin (vessel index was 0,77±0.48) showed similar chick CAM blood 

vessel number change as that of BSS control (P=0.563，one way ANOVA test) (Fig-

ure 6 Q 6H). 

For EGCG treated chick CAM, a dose-dependent reduction of CAM vessel 

growth towards the sponge was observed (Figure 22). The quantification result 
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showed that at lower EGCG concentration (0.5 |iM), the chick embryonic blood 

vessel growth was suppressed with reference to that of BSS control, and the vessel 

index was 0.29±0.13 (n=ll) compared to that of BSS control (0.95±0.12, n=18) (P 

=0.025< 0.05, one way ANOVA test). EGCG at 1 jiM showed a lack of chick CAM 

vessel growth and the index was 0 (n=12) (P=0.001 < 0.01，one way ANOVA). 

EGCG at concentration >/= 5 ^iM reduced the number of CAM blood vessels 

dose-dependently (vessel index was -0.12±0,08 for 5 \iM EGCG, -0.19士0.15 for 10 

îM EGCG, -0.21 士0.08 for 50 ^iM EGCG, -0.24士0.09 for 100 _ EGCG, n=10 in 

each group) (P<0,001, one way ANOVA test). Treatment with EGCG at 250 ^M re-

sulted in the most inhibition of vessel growth (vessel index was -0.28士0.09 for 

EGCG, n=10) (Figure 23). 

4.2,2.2 Suppression of silver nitrate cauterization-induced corneal ne-

ovascularization 

This experiment was sought to investigate the efficacy of EGCG on corneal ne-

ovascularization. As a common route of administration for treating corneal surface 

disorders, EGCG (ranging from 0.5 to 250 was applied topically on the injured 

corneal surfaces at a standard 4 times daily. The corneal neovascularization was in-

duced by scraping the central 2-mm corneal epithelium combined with silver nitrate 

cauterization in BALB/c mice. After injury, the mice were randomly divided into 6 

groups with 10 mice each and received EGCG eyedrops for a total of 14 days. Topi-

cal BSS was employed as control. Half of mice in each group were sacrificed at day 

7 (Figure 24) and the remaining was terminated at day 14 (Figure 27). The corneas 

were harvested for immunofluorescence using monoclonal anti-CD31 

(PECAM)-FITC conjugate (Santa Cruz), which labels vascular endothelial cells 
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(Figures 25, 28). The extent of neovascularization was represented as the percentage 

of NV area in the whole corneal surface area confined by the limbal vasculature. 

In BSS control, the onset of peripheral NV was observed at day 2 after injury. 

The vessels grew towards the central cornea and reached the center by day 14. In 

some control corneas, elevated pannus was found on the corneal surface, indicating a 

disruption of corneal epithelium. Although phenotypic variations of NV progression 

were found in different mice, the onset of NV at day 2 after injury was almost iden-

tical. 

In EGCG treatment groups, the extent of corneal NV justified by the percentage 

of NV area changes was suppressed by EGCG at doses =/> 1 \xM, applied at 4 times 

daily for seven days. The ratio of NV area was 0.30士0.06 (mean 士 SEM) in 1 |iM 

EGCG-treated group (n=5), whereas BSS control was (0.54±0.06, n=5) (P=0.001, 

one-way ANOVA test). Topical application of EGCG at doses >/= 5 |xM showed 

strong suppression on corneal NV formation and growth (0.25±0.05 for 5 |iM EGCQ 

0.22士0.02 for 10 jiM EGCG, 0.19±0.01 for 50 îM EGCG and 0.22±0.02 for 250 ^M 

EGCG, respectively (n=5 each group). The reduction of NV area ratio for treatment 

with doses >/= 5 (iM was significant when compared to BSS controls P<0.001, 

one-way ANOVA test) (Figures 26). On the contrary, EGCG at 0.5 îM showed null 

effect on suppressing corneal NV (0.52士0’07, n=5, P=0,763) (Figure 26). Although, 

this assay showed that topical treatment with 50 |xM EGCQ 4 times daily resulted in 

the most suppression of corneal NV formation. 

We found that the outgrowth of corneal blood vessels was significantly inhibited 

by topical with EGCG (P<0.05, one-way ANOVA test) in the long run. At day 14, the 

NV area expanded in the BSS control group and accounted for about three quarter of 

whole corneal surface area (the ratio was 0.74士0.05, n=5). In 0.5 |iM EGCG-treated 
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mice (n=5), the ratio was decreased to 0.25±0.02 (P<0.001, one-way ANOVA test, 

compared to the control group). In 1 [iM EGCG-treated group (n=5), the NV area 

was about one-fifth of whole corneal surface area and the suppression resulted in a 

ratio of 0.21 士0.01, P<0.001, one-way ANOVA test). For the groups with EGCG dos-

es >/= 5 |iM, the NV area was reduced to about 20% of whole corneal surface area 

(0.23±0.01 for 5 îM EGCG, 0.23±0.08 for 10 ^M EGCQ 0.16士0.04 for 50 \iM 

EGCG and 0.22±0.01 for 250 fiM EGCG, respectively’ n=5 for each treatment group) 

(PcO.OOl, one-way ANOVA test). After all，topical treatment with 50 |aM EGCG re-

sulted in the most suppression of corneal NV development (Figures 29). 

4.2.2.3 Suppression of laser-induced choroidal neovascularization 

As a common route of administration for treating retinal vessel disorders, 

EGCG was applied intravitreally once at time immediately after laser photocoagula-

tion in C57B/L mice. Three doses of EGCG (100, 500 and 2000 |iM) were tested. 

The selection of these doses was based on the reported mouse vitreal volume of 10 to 

12 |il (Heiduschka et al.，2007). Since our intravitreal injection volume was kept to a 

minimal of 1 îl to prevent post-injection ocular hypertension and associated ocular 

injuries, the injection dose was adjusted to 10 times higher in concentration. Hence 

the injection doses of 100, 500 and 2000 |iM will be converted to the working doses 

inside the vitreous of 10, 50 and 200 fiM，respectively. C57B/L mice with 3 spots of 

laser injury induced in one eye were randomly divided into 4 groups (5 mice for BSS 

injection as control and 5 for 10 |iM EGCG groups, 3 for 50 \iM EGCG group and 4 

for 200 |iM EGCG group). The laser lesions (15 for BSS and 10 ^M EGCG, 9 for 50 

[xM EGCG and 12 for 200 |iM EGCG) were monitored at day 4, 7 and 10 by FFA. 

The severity of fluorescein leakage in each lesion was scored by 2 independent vit-
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reoretinal ophthalmologists using the grading from 1 to 4 (Materials and Methods) 

and the percentage of each grade was calculated. At day 10，all mice were sacrificed, 

retinas were harvested for flat-mounting and choroidal NV was detected by im-

munofluorescence with isolectin-B4-FITC conjugate (Figure 30). 

Fundus fluorescein angiography The same C57B/L mice were examined by 

fundus fluorescein angiography at different time intervals (representative FFA im-

ages are shown in Figure 30)，and the percentages of leakage grading for each treat-

ment group are shown in Figure 31. At day 4, grade 4 with clinically significant le-

sion was more prevalent in BSS control mice (accounted in about 60% of lesions) 

but it was the least developed in mice with 50 and 200 |iM EGCG (both were ob-

served as 0%). The percentage of grade 4 lesion was about 13% in 10 |aM EGCG 

group. Lesion scored at or below grade 2 was 100% in 50jj.M EGCG treatment group, 

and this group of lesion was accounted for about 53% and 58% in EGCG 10 & 50 

|iM treatment groups. On the contrary, the BSS group, showed only 7% lesions in 

grade 2 and other lesions exhibited bright fluorescein leakage, indicating the severity 

of choriodal NV development. 

For day 7 FFA examination, grade 4 lesion was not observed in mice having in-

travitreal doses of 10 pM EGCG. Occasional severe lesion with early fluorescein 

leakage was noted in 50 |iM EGCG group (one of 9 lesions) and 200 ^M EGCG 

group (one of 15 lesions). The percentage of grade 4 lesions was increased to 66% in 

BSS group. 

On day 10, choroidal neovascularization usually develops to maximum size and 

severity as shown by intense fluorescein leakage in mice. In EGCG treated eyes, no 

severe hyperfluorescein leakage was observed in 10 and 50 |iM EGCG treatment 
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groups, and about 70% lesions were scored below grade 2, The percentage of grade 2 

lesions was about 75% in 200 EGCG group and only 8% lesion were scored as 

grade 4. In contrast, the BSS control group had 87% lesions showing hyperfluo-

rescein followed by end-stage leakage (47% of grade 4, and 40% of grade 3) (Figure 

31), whereas the other lesions showed hyperfluorescein without leakage. 

Choroidal neovascularization area At day 10, the mice were sacrificed and 

choroidal NV area detected by immunofluorescence with isolectin-B4-FITC conju-

gate was measured by Image J. Choroidal neovascularization area in BSS controls 

was 14847士 1074 pixels (mean±SEM. This was reduced to 6270士5133 pixels in 10 

|iM EGCG group (n=15), 6193士 1292 pixels in 50 ^iM EGCG (n=9), and 4150士719 

pixels in 200 |iM EGCG group (n=12). (PO.OOl, one-way ANOVA test) (Figure 

32). 

4.2.3 Protein analysis 

4,2.3.1 VEGF expression (Figure 48) 

Western blotting and band densitometry analysis followed by the normalization 

of specific band intensity with housekeeping GAPDH intensity, lower VEGF expres-

sion was observed in HUVEC under serum-free and growth factor-free starvation 

(sample 2) when compared to HUVEC in normal culture condition (sample 1). Sup-

plementation of VEGF 165 (20 ng/ml) to the culture induced a higher cellular VEGF 

level (sample 3). Simultaneous addition of Avastin (312 |ig/ml, sample 4)，on the 

other hand, effectively suppressed cellular VEGF expression (P<0.005, paired Stu-

dent's t-test). Incubation for 24 hours with EGCG (50 sample 7) did not result in 

a significant change of VEGF level in HUVECs. 
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4,2,3,2 PEDF expression analysis (Figure 48) 

By Western blotting and band densitometry analysis followed by normalization 

of specific band intensity with housekeeping GAPDH, there was no clear difference 

in the PEDF expression in HUVECs under normal culture condition (full medium, 

sample 1), starvation (sample 2), VEGF-supplementation (sample 3), treatment with 

VEGF and Avastin (312 jig/ml, sample 4) and EGCG (50 ^iM, sample 7). 

4,2,33 Akt activation assay (Figure 49) 

By Western blotting of phospho-Akt and pan-Akt followed by band densitome-

try analysis, Akt activation level was represented as the percentage of phospho-Akt 

in pan-Akt level. In HUVEC under normal culture condition (full medium, sample 1), 

more than 80% of Akt was active. Upon starvation (sample 2), there was a slight re-

duction of pan-Akt and, in particular, the active Akt level was reduced to about 38%. 

Supplementation of VEGF (20 ng/ml, sample 3) brought up the Akt expression level 

and the percentage of active Akt to that of normal cells. In treatment groups, a sig-

nificant reduced level of active Akt (down to 45% of total Akt) was observed in sam-

ples treated with EGCG (50 |iM, sample 7) (P<0.005, paired Student's t-test, com-

pared to VEGF-supplemented sample 3). This was even less than that of Avastin 

treatment (sample 4，down to 51%). 

4,2.3,4 Pan-Akt expression (Figure 49) 

By Western blotting of pan-Akt and band densitometry followed by normaliza-

tion with that of housekeeping GAPDH, pan-Akt expression in HUVEC was 
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changed upon various treatments. When compared to cells supplemented with VEGF 

only, a reduction of Akt expression was observed when cells were co-treated for 24 

hours with VEGF and Avastin (312 ng/ml, reduced by 40%). On the other hand, 

higher Akt levels were found in cells with EGCG (50 jiM) (up-regulated by 15%). 

4,2.3,5 FAK activation assay (Figure 50) 

The starved HUVEC was treated with Avastin (312 jig/ml) or 50 \iM EGCG, in 

the presence of 20 ng/ml VEGF, for 24 hours. Western blotting of soluble cell lysates 

showed very low expression of FAK and phospho-FAK in starved cells before treat-

ment. In cells incubated with VEGF, FAK was stimulated for more than 10 folds 

when compared to starved cells. The expression of phospho-FAK (Y576/577) was 

� 2 0 % of total FAK. Similar level was observed in Avastin or EGCG-treated cells. 

4,2,3.6 MMP-2 expression (Figure 51) 

In normal culture condition, the proliferating HUVECs (sample 1) had pre-

dominant expression of proteolytically active MMP-2 (with molecular size of 5 5 � 6 0 

kDa). After starvation, most of MMP-2 was remained inactive as pro-MMP-2 with 

molecular size of � 6 5 kDa and negligible active MMP-2 was observed (sample 2). 

Starved cells supplemented with VEGF (sample 3) showed about 20% active MMP-2. 

Similar levels were also observed for cells with Avastin (312 |ig/ml) (sample 4). 

However, cells treated with EGCG (50 |aM) (sample 7) had almost negligible expres-

sion of both pro- and active MMP-2. Similar result was observed in duplicated ex-

periments. 
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4,2,3,7 MMP-9 expression (Figure 51) 

Western blotting analysis showed the specific MMP-9 immunoreactive band at 

-100 kDa position. Except the starved cells, all cells with or without treatment with 

Avastin or different herbal chemicals showed moderate expression of MMP-9. There 

was no distinct difference among treatment groups. Starved cells exhibited negligible 

MMP-9 expression. 

4.2.4 Discussion 

Green tea, the beverage made from the non-fermented leaves of Camellia sinen-

sis, is one of the most ancient and widely consumed beverages in the world. Green 

tea polyphenols - the major constituent is EGCG, have demonstrated significant an-

ti-oxidant, anti-carcinogenic, anti-mutagenic, anti-inflammatory, and anti-microbial 

properties (Fujiki et al.，1999) and has been proved as an effective chemopreventive 

agent for many types of cancer in animal models, including those involving tumors 

of the skin, breast, lung, liver, esophagus, stomach, small intestine, pancreas, and 

colon (Mukhtar et al, 1999). The anti-carcinogenic properties of green tea polyphe-

nols are likely to be the result of many biological responses (Mukhtar et al , 1999). 

This includes the inhibition of urokinase activity, which is the enzyme crucial for 

cancer growth (Jankun et al , 1997). Also, EGCG could have potent inhibitory effect 

on VEGFR-2 activity (Lamy et a l , 2002). 

In this study, we consistently detected reduced HUVEC proliferation and migra-

tion by EGCG at the sub-toxic dose of 50 |uM. The effect was even stronger than that 

of Avastin within 24 hours of examination. Indeed, when comparing between differ-

ent selected herbal chemicals (ISL, EGCG and Rst), EGCG at 50 |aM demonstrated 

the best efficacy in reducing the HUVEC migration. Fassina and colleagues also re-
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ported significant inhibition of endothelial cell migration for 50 [iM EGCG (i^<0.001) 

and for 100 ^M EGCG (P<0.0001) (Mann-Whitney U test) (Fassina et al., 2004). 

In this study, proliferating HUVECs at half confluence were recruited to illus-

trate the suppressive effect of EGCG on endothelial cell growth and migration. 

Phospho-Akt level was reduced after 50 \xM EGCG treatment to HUVECs with 

VEGF supplementation. EGCG was also demonstrated to inhibit tube formation 

probably mediated through the suppression of VE-cadherin tyrosine phosphorylation 

and inhibition of Akt activation (Tang et al., 2003). This indicates that VE-cadherin 

and Akt activation, which are the known downstream events in VEGFR-2-inediated 

cascade, are the potential targets of green tea catechins to effect in inhibiting endo-

thelial cell growth and migration. 

Furthermore, MMP-2 expression and its proteolytic activation were also re-

duced by EGCG. MMPs play an important role in tumor invasion, angiogenesis and 

inflammatory tissue destruction (Dollery et al , 2006; Nagase et al., 2006). EGCG 

has shown with anti-invasive property as a potent inhibitor of gelatinases (including 

MMP-2 and MMP-9), which are enzymes associated with tumor invasion and are 

frequently over-expressed in cancer (Garbisa et al, 1999; Maeda-Yamamoto et al., 

1999; Demeule et al., 2000; Garbisa et al, 2001) and inflammation (Corbel et al., 

2002). EGCG inhibited type IV collagenases at low concentrations (MMP-2 and to a 

slightly lesser extent for MMP-9) with IC50 values that were about the levels detected 

in the serum of moderate green tea drinkers. This suggests another mechanism medi-

ated by EGCG in prevent or treating tumor development. A dose-dependent decrease 

of MMP-2 production and release in vascular tumor cells was reported after treat-

ment with EGCG and a complete inhibition was achieved at 100 |iM level 

(Makimura et al., 1993). 
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In this work, in vivo animal models of ocular angiogenesis were adopted to ver-

ify the in vitro findings. It is the first time to investigate the effect of EGCG in ocular 

angiogenesis of anterior and posterior segments. Silver nitrate cauterization-induced 

corneal NV with topical drug administration and laser photocoagulation-induced 

choroidal NV with intravitreal drug administration were conducted to demonstrate 

the effective suppression of NV by EGCG. On the other hand, EGCG also reduced 

the developmental blood vessel growth in chick CAM model. Altogether, the present 

work, for the first time, demonstrated NV suppression effect of EGCG in both de-

velopmental and pathological angiogenesis. High concentrations of EGCG in the 

range of 200-250 îM still demonstrate the safety when applied to cornea and in-

travitreal. There was no significant adverse effect in topically application of high 

concentration in mice eyes. 

In chick CAM assay, which is the most widely employed in vivo model for 

studying normal vessel development, EGCG markedly and dose-dependently inhib-

ited the development of capillary networks. The inhibitory effect of EGCG at 1 |LIM 

balanced the endogenous angiogenic effect of chick growth factors. When applied at 

doses higher than 5 |iM (up to 250 |iM in this assay) the growth of new and preex-

isting blood vessels were effectively and dose-dependently regressed. 

In a mice experiment of silver nitrate cauterization-induced corneal NV, EGCG 

when topically applied at concentration >/= 1 |j.M demonstrated significant reduction 

in NV area in which new blood vessels were sprouted from pre-existing limbal cap-

illary network. In the choroidal NV experiment, vascular leakage was decreased at 

the dose equivalent to the therapeutic dose of EGCG, verified through FFA examina-

tion and immunoflourescence of CD31 on choroidal flatmount. All these in vivo re-

sults were consistent with our earlier in vitro findings. 
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The mechanism of inhibition of angiogenesis by green tea or its catechins has 

not been well-established. A wide variety of mechanisms of action of green tea or 

green tea polyphenols have been proposed on diverse physiological or pathological 

situations. The conformation of cathechin molecule seems to be crucial in its activity. 

It was shown that the steric structure of 3-0-gallate group is important to inhibit col-

lagenase activity (Makimura et aL, 1993). Cathechins can scavenge free radicals 

through their polyphenol group (Mukhtar et al., 1999). Moreover, a pyrogallol-type 

B-ring structure is required to induce apoptosis, and a 3-0-gallate group in 

cis-configuration to the B ring could enhance this activity. Cathechins without a py-

rogallol-type structure showed no activity on cell apoptosis (Isemura et al., 2000). 

EGCG has been reported to induce apoptosis and growth inhibition in a variety 

of tumor cell lines at doses from 20 to 100 Inhibition of tyrosine kinase activity 

of growth factor receptors, such as epidermal growth factor receptor, platelet-derived 

growth factor receptor, and fibroblast growth factor receptor has been observed for 

EGCG with an IC50 of 1-2 in A431 human epidermoid carcinoma cells (Liang et 

al.，1997). Several studies have shown that EGCG at higher concentrations (5-100 

jaM) perturbed the downstream signaling, repressed the mitogen-activated protein 

kinase pathway, activator protein-1 and nuclear factor-B (Dong et al.，1997; 

Barthelman et al., 1998; Chen et al.，1999; Chung et al., 1999; Okabe et al., 1999; 

Sah et al., 2003; Ahn et al., 2004)，although other studies have indicated EGCG could 

increase mitogen- activated protein kinase and activator protein-1 activity 

(Balasubramanian et aL, 2002; Chen et a l , 2003). Decreases in nitric oxide produc-

tion by 1-10 [iM EGCG was also observed, apparently caused by a reduction of in-

ducible nitric oxide synthase gene expression (Chan et al., 1997). All these findings 

are associated with suppressing downstream signaling in the VEGFR2-mediated 
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cascade, contributing to inhibition of endothelial cell migration. 

4.2.5 Conclusion 

The present study demonstrated for the first time that EGCQ a natural poly-

phenol derived from green tea, suppressed new blood vessel growth and formation in 

both in vitro and in vivo neovascularization models. The action could be related with 

a suppression of VEGF downstream signaling in the VEGFR2-mediated cascade. 

Even though additional effort is still needed to verify the action of EGCG in sup-

pressing neovascularization, the present findings can shed light on the application of 

EGCG in ocular neovascularization diseases. This potential therapeutic usage could 

be efficient and at low cost with minimal side effect to assist the conventional an-

ti-cancer and anti-angiogenesis therapies. 
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4.3 Effect of resveratrol in ocular angiogenesis 

4.3.1 In vitro studies 

43.L1 Cytotoxicity by MTTAssay 

Treatment with Rst at concentrations from 2.5 to 50 fiM reduced RPE cell 

proliferation (Figure 35). When cells were treated for 5 days with doses below 20 

|iM, the proliferation was reduced by about one fifth, compared to the untreated 

control (2,5 fiM: reduced by 2%; 10 ^M: by 12% and 20 ^iM: by 17.7%). More 

reduction of cell viability was found for 25 and 50 [iM Rst treatments (reduced by 

38% for 25 laM and 68% for 50 ^iM). 

4.3.1,2 Effect on HUVEC migration 

To test if Rst (5 to 20 |iM) affects VEGF-induced HUVEC growth and 

migration. Compared to VEGF control, Rst at 10 to 15|iM reduced HUVEC growth 

and migration to the denuded area (Figure 36), whereas 5 î M had negligible effect. 

For the treatment with 10 |iM Rst, 18.2士6.5 cells was observed per mm^ wound area. 

This was similar to that of Avastin control (18.4士4.2 per mm^). This dose of 10 

Rst could have potential anti-angiogenic activity. 

4.3.2 In vivo angiogenesis studies 

4.3,2,1 Suppression of developmental vessel growth in chick CAM as-

say 

Six concentrations of Rst (0.1, 0.5, 2, 10, 50, 100 |iM) were tested in the gela-
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tin-Sponge chick CAM model. Recombinant human VEGF165 was also tested as the 

positive control to induce vessel growth towards the sponge. Gelatin sponge with 

BSS vehicle served as the blank control. Sponge containing 0.6 |ig polyclonal an-

ti-VEGF antibody or Avastin (75 }ig) were the negative control, respectively (Figure 

6). After incubation of fertilized eggs for 8 days, the progression of chick CAM 

blood vessels was monitored by a micrograph imaging under stereomicroscopy at 0 

and 24 hours (day 9 post-fertilization). The number of CAM vessels converging to-

wards the edge of gelatin sponge was quantified. Vessel index was obtained by the 

difference of vessel converging on the sponge at 24-hour interval compared to that of 

0-hour, then divided by vessel number of 0-hour. Application of sponge with 60 ng 

recombinant human VEGF resulted in a dense appearance of new blood vessels con-

verging towards the gelatin sponge (Figures 6C, 6D). The quantification showed that 

at lower Rst concentration (0.1, 0.5 and 2|iM) (Figure 37)，there was no distinct 

suppression of chick embryonic blood vessel growth when compared to the BSS 

control. The vessel indices were 0.65±0.23 for 0.1 ̂ iM Rst, 0.51 士0.19 for 0.5^M Rst 

and 0.42士0.26 for 2(iM Rst, respectively (n=ll in each group) and the control was 

0.95士0.12 (n=18) (P > 0.05，one way ANOVA test) (Figure 38). Rst at concentration 

>/= lOjuM reduced the number of CAM blood vessels (the vessel index for lOjiM 

was 0.31±0.1’ 50|aM was 0.18士0.24, n=l l in each group) (P < 0.05, one way 

ANOVA test). Rst at lOOjuM concentration showed disappearance of chick CAM 

vessel and the index was -0.04士0.07 (n=ll) (P < 0.01, one way ANOVA test). Appli-

cation of sponge with 60 ng recombinant human VEGF 165 resulted in an appearance 

of new vessels, and the index was about 2 folds as that of the BSS blank control 

(Figure 38). Use of polyclonal anti-VEGF antibody (0.6 |Lig) significantly suppressed 

CAM vessel growth (0.11 土0.06, n=l2, P < 0.05，one way ANOVA test). Treatment of 
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Avastin showed similar chick CAM blood vessel number change as that of BSS con-

trol (Figure 38). 

4,3.2.2 Suppression of silver nitrate cauterization induced corneal ne-

ovascularization 

As a common route of administration for treating corneal surface disorders, Rst 

(ranging from 0.5 to 50 |iM) was applied topically on the injured corneal surfaces at 

a standard 4 times daily. The corneal neovascularization was induced by scraping of 

the central 2-mm corneal epithelium combined with silver nitrate cauterization in 

BALB/c mice. After injury, the mice were randomly divided into 6 groups with 10 

mice each and received Rst eyedrops for a total of 14 days. Topical BSS was em-

ployed as control Half of mice in each group were sacrificed at day 7 (Figure 39) 

and the remaining at day 14 (Figure 42). The corneas were harvested for im-

munofluorescence of with anti-PECAM-FITC conjugate (Figure 40，43), which spe-

cifically marks the vascular endothelial cells. The extent of corneal neovasculariza-

tion was represented as the percentage of NV area in the whole corneal surface area 

restricted by the limbal vasculature. 

In BSS control corneas, the onset of peripheral NV was observed at day 2 after 

injury. The vessels grew towards the central cornea and reached the center by day 14. 

Elevated pannus indicating a disruption of corneal epithelium was found on some 

corneal surface. 

In Rst treatment groups, the extent of corneal NV justified by the percentage of 

NV area changes was suppressed by Rst at doses >/= 1 [iM, applied at 4 times daily 

for 7 days. Rst at 0.5|iM showed similar level of new corneal blood vessel formation 

and growth as BSS control group. The ratio of corneal NV area was 0.5士0.07 (mean 
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土 SEM) in 0.5^iM Rst treated group (n=5), and BSS control group was 0.57士0.05 

(n=5) (P=0.259>0.05, one-way ANOVA test). Topical application of Rst >/= l^iM 

suppressed corneal NV formation and growth, with a level about one half as the BSS 

control (0.25±0.06 for 1|LIM Rst, 0.22±0.01 for Rst, 0.26±0.02 for lOfiM Rst 

and 0.31 士0.03 for 50|iM Rst, respectively (n=5 in each group). The regression was 

considered as significant (P<0.001, one-way ANOVA test), when compared with 

BSS control groups (Figure 41). 

Similar observation of Rst action on corneal neovascularization was resulted at 

day 14 of treatment. For the BSS control group, the NV area expanded to about 75% 

of whole corneal surface area (0.74士0,05，n=5). The corneal NV area was moderately 

reduced for 0.5|aM Rst treatment (0.57士0.15, n=5) (P=0.063, one-way ANOVA test, 

compared with the control group). In 1 jiM Rst treatment group, the NV area reached 

about 1/3 of whole corneal surface area, indicating a suppressive effect of corneal 

NV (P < 0.001, n=5, one-way ANOVA test). For concentrations >/= Rst sub-

stantially reduced the NV area to about 20% of whole corneal area. It was 0.2±0.03 

for 2[xM Rst, 0.21 士0.04 for 10|iM Rst and 0.：22±0.01 for 50[iM Rst, respectively 

(n=5 in each treatment group) (P<0.001, one-way ANOVA test) (Figure 44). 

4,3.23 Suppression of laser-induced choroidal neovascularization 

As a common route of administration for treating retinal vessel disorders, Rst 

was applied intravitreally once at time immediately after laser injury. C57B/L mice 

with 3 spots of laser injury induced in both eyes were randomly divided in 4 groups 

(3 mice in each group) and received intravitreal Rst as treated eyes and intravitreal 

BSS as control eyes. The laser-injured lesions (n=9) were monitored at day 4，7 and 

10 by fundus fluorescein angiography. At day 10, all mice were sacrificed and chor-
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oidal NV was detected by immunofluorescence with isolectin-B4-FITC conjugate 

(Figure 45) 

Three injection doses of Rst (20, 100 and 500fj,M) were selected, based on the 

reported mouse vitreal volume as 10 to 12 |il (Heiduschka, et al., 2007) Since our 

intravitreal injection volume was kept to a minimal of 1 jal to prevent post-injection 

ocular hypertension and associated ocular injuries, the injection dose was adjusted to 

10 times higher in concentration. Hence the injection doses of 20, 100 and 500|iM 

will be converted to the working doses inside the vitreous of 2，10 and 50|aM, re-

spectively. 

Fluorescein leakage in lesions The mice were examined by FFA at day 4, 7 

and 10 (representative FFA images shown in Figure 45)，and the percentages of lea-

kage grading for each treatment group are shown in Figure 46. At day 4，grade 4 le-

sion was more prevalent in BSS control mice (about 67% of lesions) but not fre-

quently shown in Rst mice. All lesions were scored as grade 2 after 10|iM Rst treat-

ment and 78% and 89% of lesions were respectively scored below grade 2 after 2[iM 

and 50|aM Rst treatments. On the contrary, the BSS group exhibited bright fluo-

rescein leakages in all lesions (scored as grade 3 and 4). 

For day 7 FFA examination, grade 4 lesion was identified in 78% of BSS group 

and all of them showed complete leakage at the late examination stage (> 5 min) and 

scored as >/= grade 3., About 11% lesions were scored as grade 4 in mice having in-

travitreous 2 |LIM Rst. When compared to day 4 examination, there was an increased 

NV severity as noted by higher percentages of lesions with grade 3-4 scoring (2 }j,M 

Rst: 55% at day 7 versus 22% at day 4; 10 ^MRst: 33% at day 7 versus 0% at day 4 

and 50 [iM Rst: 33% day 7 versus 11% at day 4). 

At day 10, the choroidal NV in different treatment groups was similar as that in 
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day 7. There was no specific change in the percentage of NV lesion grades, indicat-

ing the healing or recovery process became stable (Figure 46). 

Choroidal neovascularization area analysis At day 10，the mice were sacri-

ficed and choroidal NV area detected by immunofluorescence with isolec-

tin-B4-FITC conjugate was measured by Image J. In BSS control eyes, the NV area 

was 14847士 1074 pixels (n=9). This was reduced to 7468士1110 pixels for intravitreal 

2 \iM RST (P<0.001, compared to BSS control, one-way ANOVA test), 6002士 1009 

pixels for 10 i^M Rst (P<0.001) and 4665士 1171 pixels for 50 ^M Rst treatment 

(PcO.OOl), respectively (Figure 47). 

4.3.3 Protein analysis 

4,3.3,1 VEGF expression (Figure 48) 

Western blotting and band densitometry analysis followed by the normalization 

of specific band intensity with housekeeping GAPDH intensity, a lower VEGF ex-

pression was observed in HUVEC under serum-free and growth factor-free starvation 

(sample 2) when compared to HUVEC in normal culture (sample 1). Supplementa-

tion of VEGF 165 (20 ng/ml) induced a higher cellular VEGF level in sample 3. Si-

multaneous addition of Avastin (312 p-g/ml, sample 4), on the other hand，effectively 

suppressed cellular VEGF expression (/*<0.005，paired Student's t-test). However, 

incubation with Rst (10 |aM, sample 6) did not result in a significant change of 

VEGF level in HUVECs. 

43,3,2 PEDF expression analysis (Figure 48) 

By Western blotting and band densitometry analysis followed by normalization 
89 



Liu HM 

of specific band intensity with housekeeping GAPDH, moderate PEDF expression 

was observed in HUVEC under normal culture condition (full medium, sample 1)， 

starvation (sample 2), VEGF-supplementation (sample 3), treatment with VEGF and 

Avastin (312 fig/ml, sample 4) and Rst (10 _，sample 6). 

4,3,3,3 Akt activation assay (Figure 49) 

By Western blotting of phospho-Akt and pan-Akt followed by band densitome-

try analysis, Akt activation level was represented as the percentage of phospho-Akt 

in pan-Akt. For HUVEC under normal culture condition (fiill medium, sample 1)， 

more than 80% of Akt was active. Upon starvation (sample 2), there was a slight re-

duction of pan-Akt and, in particular, the active Akt level was reduced to about 38%. 

Supplementation of VEGF (20 ng/ml, sample 3) brought up the Akt expression level 

and the percentage of active Akt to that of normal cells. In Rst (10 fiM) treatment, a 

significant reduced level of active Akt (down to 24% of total Akt) was observed 

(sample 6). 

4.3,3,4 Pan-Akt expression (Figure 49) 

By Western blotting of pan-Akt and band densitometry followed by normaliza-

tion with that of housekeeping GAPDH, pan-Akt expression in HUVEC was 

changed upon various treatments. When compared to cells supplemented with VEGF 

only, a reduction of Akt expression was observed when cells were treated for 24 

hours with VEGF and Avastin (312 i^g/ml, reduced by 40%) or with Rst (10 fiM, re-

duced by 37%). 
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4.3.3,5 FAK activation assay (Figure 50) 

The starved HUVEC was treated with Avastin (312 |ig/ml) or 10 |j.M Rst, in the 

presence of 20 ng/ml VEGF, for 24 hours. Western blotting of soluble cell lysates 

showed very low expression of FAK and phospho-FAK in starved cells before treat-

ment. In cells incubated with VEGF, FAK was stimulated for more than 10 folds 

when compared to starved cells. The expression of phospho-FAK (Y576/577) was 

-20% of total FAK. This level was unchanged in Avastin. However, Rst (10 fiM) 

substantially reduced FAK expression by about 30% as compared to VEGF-only 

cells and -20% was phosphorylated. 

4.3,3.6 MMP-2 expression (Figure 51) 

In normal culture condition, the proliferating HUVECs (sample 1) had pre-

dominant expression of proteolytically active MMP-2 (5 5 � 6 0 kDa). After starvation, 

most MMP-2 remained inactive as pro-MMP-2 with molecular size of � 6 5 kDa and 

negligible active MMP-2 was observed (sample 2). Starved cells supplemented with 

VEGF (sample 3) showed about 20% active MMP-2. Similar levels were also ob-

served for cells with Avastin (312 ^g/ml) (sample 4). However, cells treated with Rst 

(10 ^M) (sample 6) had almost negligible expression of both pro- and active MMP-2. 

Similar result was observed in duplicated experiments. 

4,33,7MMP-9 expression (Figure 51) 

Western blotting analysis showed the specific MMP-9 immunoreactive band at 

-100 kDa position. Except the starved cells, all cells with or without treatment with 

Avastin or different herbal chemicals showed moderate expression of MMP-9. There 

was no distinct difference among treatment groups. Starved cells exhibited negligible 
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MMP-9 expression. 

4.3.4 Discussion 

Resveratrol (Rst) is a polyphenolic phytoalexin naturally occurring in various 

plants, including red wine, grapes, berries and peanuts and other 70 other plants. It 

possesses diverse biochemical and physiological actions, and exhibits pleiotropic 

health beneficial effects, including anti-oxidant, anti-inflammatory, cardioprotective 

and anti-tumor activities (Bauer et al.，2005). Rst has been widely investigated for its 

cardioprotective properties (Das et al., 2006). It also exhibits anti-cancer characteris-

tics, and suppresses the proliferation of various types of tumors, including lymphoid 

and myeloid cancers, multiple myeloma, melanoma, cancer of breast, ovary, cervix， 

prostate, stomach, colon, pancreas, and thyroid and head and neck squamous cell 

carcinoma (Aggarwal et al., 2004). Rst is also reported to affect cell growth, which is 

mediated through an induction of cell-cycle arrest by the up-regulation of 

p2jCipi/wAFî  p53 and Bax as well as down-regulation of survivin, cyclin Dl , cyclin E, 

Bcl-2，Bcl-x and cIAPs (Aggarwal et al., 2004). This results in cell death via the ac-

tivation of caspases. Moreover, Rst suppresses the trans-activation activity of differ-

ent transcription factors, including NF-IB, AP-1 and Egr-l to modify global gene ex-

pression (Aggarwal et a l , 2004). In particular, it has been shown to inhibit the levels 

of protein kinases in various pathways, such as JNK, MAPK, Akt, protein kinase C/D 

and casein kinase II，which are associated with cell survival, metabolism and prolif-

eration (Aggarwal et al., 2004). Moreover, it plays an important role in regulating 

angiogenesis, vascular and inflammatory activities, through its effect on various gene 

expressions, including that of COX-2, 5-LOX, VEGF, IL-1, IL-6, IL-8 and PSA 

(Aggarwal et al., 2004). Recently, it has been reported to inhibit the proliferation and 
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migration of vascular endothelial cells by its activation of eukaryotic elongation fac-

tor-2 kinase, which in turn phosphorylates and inactivates the elongation factor-2, 

which is a key mediator of ribosomal transfer and protein translation (Khan et al., 

2010). Functional inhibition of kinase activity by gene deletion in vivo or siRNA as 

well as pharmacological inhibition in vitro completely reversed the effect of Rst on 

blood vessel growth and endothelial cell proliferation. 

It is becoming increasingly clear that Rst has two faces. It can protect cells by 

potentiating a survival signal whereas it can selectively kill cancer cells. Rst is shown 

to act as an anti-oxidant, yet it can induce redox signaling. It is an anti-proliferative 

agent for cancer cells and induces apoptosis and sensitizes cancer cells by inhibiting 

cell survival signal transduction and anti-apoptotic pathways. In contrast，Rst triggers 

a cell survival signal in ischemic tissue by inducing anti-apoptotic genes and blocks 

the apoptosis. At lower doses, Rst can stimulate angiogenesis, while it can locks an-

giogenic response at higher doses (Das et al., 2006). In my study, Rst at 100 |uM ba-

lanced with the endogenous angiogenic factor in chick CAM model and the vessel 

index was 0. When Rst was tested at concentration >2 fiM, it show substantial sup-

pression on angiogenesis in corneal NV as well as and choroidal NV assay models. 

One possible reason for this dichotomy of Rst action could be due to its 

wide-ranging differences in tissues in pharmacokinetics, bioavailability, and metabo-

lism. At a concentration at or below 0.1 |aM, Rst has been -mediated expression of 

intracellular adhesion molecules and shown to inhibit TNF- such as ICAM-1 (Ferrero 

et al., 1998). At a concentration of 1 nM, it induces the phosphorylation of ERXl/2, 

whereas at higher concentration of 50-100 |iM, it inhibits MAPK phosphorylation 

(Miloso et a l , 1999). 

The angiogenic process is controlled by two major pro-angiogenic factors, 

93 



Liu HM 

MMPs, which degrade extracellular matrices, and VEGF, which stimulates endothe-

lial cell migration and proliferation and the formation of new blood vessels. The 

strength of this study was to show the first in vivo evidence that Rst 

dose-dependantly suppressed new vessel growth and formation in both developmen-

tal and pathological angiogenesis models. 

In the CAM assay demonstrating developmental or regulated angiogenesis, the 

most widely employed in vivo model for studying vessel development, Rst 

dose-dependently suppressed the development of capillary network. The inhibitory 

effect of 100 jiM Rst was able to counteract with the endogenous growth factors in 

the chick CAM environment, resulting in a null change of vessel number. Rst at dos-

es between 2 to 100 |iM could moderately attenuate the vessel growth, causing a 

slower rate of vessel development. Lower dose of Rst (<1 |iM) did not show any sig-

nificant interference on the blood vessel patterning. When compared with ISL and 

EGCG, Rst was less effective to suppress chick CAM development. In the mosue 

silver nitrate cauterization-induced corneal NV model, the NV regression was also 

not as effective as ISL and EGCG. Moderate prevention to vessel growth was dem-

onstrated in RST (>/= 1 |iM) topical treatment, but no complete prevention of NV 

development was found even higher doses of Rst (50 jaM) was applied. 

In the laser-induced choroidal NV assay, Rst was found to suppress the NV pro-

gression at early examination interval (day 4) but not in later time points (day 7 and 

10). At day 4，the optimal preventive effect was observed in 10 fj,M treatment. This 

was abrogated at day 7 and 10，with an increased percentage of lesions having more 

severe NV grades. Similar increase of NV severity was also found for other tested 

doses. This indicates that, in addition to the less effective action of Rst on an-

ti-angiogenesis, the single injection of Rst might not be able to exhibit a long-lasting 
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effect to suppress NV development. 

VEGF is a major angiogenic molecule in the neovascularization formation. In-

creased VEGF levels have been shown to be a common pathologic factor in neovas-

cular diseases, including ocular neovascular disorders of humans, as well as induced 

ocular angiogenesis in the animal model (Amano et al., 1998). It is evident that there 

is a delicate balance between angiogenesis stimulators and inhibitors, which are cru-

cial in maintaining vasculature homeostasis. As an example, hypoxia occurring in 

inflammation and traumatic injury in cornea and choroids usually accompanies with 

altered expression of these molecules. The overproduction of angiogenesis stimula-

tors and reduced level of inhibitors disrupts the homeostatic balance and results in 

NV development. 

In this study, Rst treatment in half-confluent HUVEC did not show any change 

of intracellular VEGF and PEDF expressions. However, it suppressed endothelial 

cell growth and migration in vitro and neovacularization in vivo. By protein analysis, 

treatment with Rst at 10 fiM reduced Akt activation, as shown by a lower percentage 

of phosphorylated Akt in total Akt level. Akt activation is an important downstream 

event of receptor-mediated tyrosine kinase cascade. In spite of neutral influence on 

VEGF and PEDF expression, it is possible that Rst, with its small molecular mass， 

can penetrate inside cells and works to inhibit Akt phosphorylation. This could result 

in a widespread intracellular signaling effect to manifest the effect of Rst on cell mi-

gration or metabolism. Also, this could explain the short-term anti-angiogenesis ef-

fect of Rst. This could be due to the quick turnover and production of secondary 

messenger molecule in signaling pathways. Similar finding was reported before (Lin 

et al., 2003). Furthermore, the suppression of Akt activity by Rst was related to high-

er apoptosis in cancer treatment, such as ovarian, breast, uterine, and prostate cancer 
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cells and multiple myeloma cells (Cao et al., 2004; Garvin et al., 2006; Li et al, 2006; 

Sexton et al.，2006; Aziz et al., 2006). 

Inhibition to FAK activation and reduced proteolytic activation of MMP-2 sub-

stantiated the effect of Rst on the anti-migratory mechanism in endothelial cells. 

MMPs, a family of zinc-binding, calcium-dependent endopeptidases that degrade the 

substrateproteins in the extracellular matrix, play an important role in angiogenesis. 

Specifically, the gelatinases (MMP-2 and MMP-9) degrade the components of base-

ment membrane such as type IV collagen and fibronectin (Hudson et al.，2007). The 

inhibitory effect of Rst on MMP-2 expression was observed in lung cancer cell inva-

sion and this was associated with HO-1-mediated NF-kappa B pathway (Bhardwaj et 

al., 2007). Moreover, it inhibited bovine aortic smooth muscle cell proliferation by 

blocking Gl-S phase entry through a reduced expression of cyclins and cy-

clin-dependent kinases and this resulted in apoptosis (Gioia et al., 2009; Liu et al , 

2010). Exposure of endothelial cells to Rst also led to a concentration-dependent re-

duction of MMP-2 gelatinolytic activity and marked inhibition of tube formation on 

matrigel (Poussier et al., 2005). 

Rst has been reported to inhibit the expression of HIF-la and VEGF in 

OVCAR-3 cells through the inhibition of Akt and MAP kinases, inhibition of protein 

translational regulators, and enhancement of proteasomal degradation of HIF-la 

protein (Lee et al , 2005) as well as retarding tumor growth and angiogenesis in 

ERa/ERp (+) MDA-MB-231 breast tumor xenografts in nude mice and reducing ex-

tracellular levels of VEGF in vitro (Cao et al., 2005). Altogether, Rst, in addition to 

its chemopreventive effects, it also exhibits therapeutic activity against cancer 

through reduction of VEGF secretion and suppressing its downstream signaling 

pathway. However, there was no significant reduction of VEGF expression when 
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HUVECs were treated with 10 [iM Rst in this study. This could be attributed to the 

use of different cell types, tumor cells versus normal endothelial cells 

The molecular mechanism of the in vivo anti-angiogenic properties of Rst is not 

completely clear, the findings in my study indicated that Rst may inhibit several key 

events of the angiogenic process, such as proliferation and migration of endothelial 

cells, and suppress downstream signaling in the tyrosine kinase-mediated cascade 

and this could associate with its inhibitory effect on endothelial cell migration and 

activation of MMP-2. This suggests an alternative pathway by which red wine poly-

phonel inhibits angiogenesis. 

4.3.5 Conclusion 

The present study demonstrated, for the first time, that resveratrol, a natural po-

lyphenol phytoalexin derived from grape and red wine, suppressed angiogenesis both 

in vitro and in vivo, relating to the suppression of intracellular signaling in the tyro-

sine kinase-mediated cascade. Even though additional work is needed to fully under-

stand the mechanisms of action of Rst, the present findings shed light on the applica-

tion of Rst on ocular neovascular diseases. 
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CHAPTER 5 

GENERAL CONCLUSIONS 

This thesis describes an endeavor on the investigation of the anti-angiogenic 

properties of herbal molecules derived from natural sources. We studied the effects of 

ISL, EGCG and Rst in vitro and in vivo angiogenesis assays, especially on the ocular 

neovascularization in the anterior corneal part as well as the posterior choroidal seg-

ment. ISL is a natural flavonoid from licorice root, EGCG is a natural polyphenol 

from green tea and Rst is a natural polyphenol phytoalexin derived from grapes. 

In vitro experiments were conducted and showed anti-angiogenic actions of 

these three herbal molecules: ISL up-regulated expression of PEDF (endogenic an-

giogenic inhibitor), and down-regulated VEGF (major angiogenic stimulator) secre-

tion. EGCG and Rst share the similar mode of suppressing angiogenesis by inacti-

vating VEGF downstream signaling cascade: Akt and FAK. AKT is an intracellular 

signal mediator for endothelial cell migration and survival and FAK can promote 

endothelial cell proliferation. EGCG and Rst also suppressed MMP expression which 

is an extracellular metalloproteinases played a major role in degrading endothelial 

cell membrane and promoting endothelial cell migration. In vitro HUVEC migration 

assay, results showed that these three herbal molecules suppressed VEGF stimulated 

HUVEC migration in nontoxic dosages dose-dependently, and ISL at 10|aM, EGCG 

at 50|iM and Rst at lO^M showed maximal inhibitory effect of endothelial cell mi-

gration. This is also set up the proof of principal for in vivo angiogenesis studies. 

First screening for the suppressive effect of tested herbal molecules was per-

formed by Chick CAM model which new blood vessels were formed under stimula-
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tion of endogenic VEGF in chick embryo. We found the consistent suppressive effect 

on chick CAM new blood vessel formation were achieved by ISL at >1=2 ^M, 

EGCG at >/=l laM, and Rst at >=10|iM. ISL at 5\iM, EGCG at \[xM and Rst at 

100|iM counteract the stimulatory effect of enogenic VEGF in Chick CAM, vessel 

index is 0, higher concentration than optimal dosages regressed preexisted blood 

vessels. 

This further prompted us to test these molecules in the established in vivo ani-

mal models of corneal and choroidal neovascularization in mice eyes in order to shed 

light on the potential application for ocular NV diseases. These herbal molecules 

were applied as topical eye drops for chemical bum induced corneal NV model and 

intravitreal injections for controlling the neovascularization in laser induced choroid 

lesions respectively. We found that all of these three herbal molecules were effective 

in suppressing the ocular neovascular response in mice eyes. ISL, EGCG and Rst at 

as low as 1 |iM concentration showed the suppressive effect on corneal NV and cho-

roidal NV assays dose-dependently, the most optimal dosage was ISL at 10 |iM, 

EGCG at 50|iM and Rst at 10|uM, matched with our in vitro most optimal doses of 

suppressing HUVEC migration— ISL at 10 pM, EGCG at 50|iM and Rst at lO^M. 

In conclusion, our results showed that ISL, EGCG and Rst contributed to an-

ti-angiogenesis via different biological mechanisms and also verified through our es-

tablished in vitro and in vivo angiogenic assays. Natural molecules, therefore, can be 

used for suppression of abnormal ocular vascularization. 
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CHAPTER 6 

FUTURE PROSPECTS 

In the past few years, there have seen major breakthroughs in angiogenesis re-

search, leading to an increased understanding of the pathophysiology. New tractable 

targets have been identified in key disease pathways, improving the prospects for 

development of disease-modifying drugs for some devastating disorders causing 

visual impairment. 

The process of neovascularization provides possible targets for cognition en-

hancement. Some possible interventions that might enhance or repair visual function 

would be surgical rather than pharmaceutical. These include the use of limited ma-

cular translocation, or photodynamic therapy to block abnormal angiogenesis in the 

macular region. At the other extreme, intravitreal injection or topically application of 

small molecular anti-VEGF antibody might inhibit new blood vessel formation, are 

likely to be increasingly popular. 

The future study will be mainly related to the development of therapeutic strate-

gies that target the VEGF or prohibit endothelial cell migration and proliferation, or 

both. Various strategies are under study to use pharmacological therapy instead of 

surgical or photodynamic therapy. 

In the future, biological effects of these three herbal molecules should be further 

explored in other experimental models, such as oxygen induced retinopathy model in 

order to detect their effect on retinal neovascularization, also evaluate their other bi-

ological effects, such as anti-oxidation and anti-inflammation, and cross interaction 

with anti-angiogenesis. They can also be combined with Avastin or other an-
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ti-angiogenesis inhibitors for the studies of synergistic effects in preventing or re-

ducing the formation of neovascularization, or test the combined effect of these three 

herbal molecules in inhibiting ocular neovascularization which aimed at different 

steps of the angiogenesis cascade. The safety and distribution of these three herbal 

molecules on ocular tissue or cells should also be studies. 

Use of these alternative therapies of pharmacological intervention, or a combi-

nation of them，would be beneficial in treating devastating diseases of blindness 

caused by neovascularization. We will probably enter into an era of anti-angiogenic 

therapy in the near future, and thus alleviate the destructive side effects of current 

treatment modalities. 
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FIGURES 
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Figure 1: VEGF signaling pathway 

Picture is adapted from SABiosciences, http://www.SABiosciences.com. 
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Liu HM 

OH 

HO 

o 
Figure 2: Chemical structure of Isoliquiritigenin. 

Chemical name is 4,2' ,4'-trihydroxychalcone, or (E) -1 -(2,4-dihydroxyphenyl) 

-3-(4-hydroxyphenyl)-2-propen-1 -one; C15H12O4. Molecular mass is 256.25 

g/moL Picture is adapted from ChemBlink, http://www.chemblink.com. 
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Figure 3: Resources of isoliquiritigenin: licorice & licorice root 

(Pictures are obtained from http://www.flowers-cs.com and 

www.naturesflavors.com) 
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Figure 4: Effect of ISL on cell viability of ARPE-19 cells. 

ARPE cells (7x1 O � w e r e seeded and cultured in the presence of ISL (5, 

& 50 (iM, respectively) for 1，3, 5 days Untreated cells were used as control, 

toxicity of ISL was evaluated by MTT assay. The cell viability was expressed as the 

ratio of cell under treatment / untreated control cells. Each concentration of ISL was 

10，15 

Cyto-

tested in quadriplicate, 

growth, ISL at 15 iliM 

was cytotoxic. 

ISL at 5 &10 jiM showed no inhibitory effect on ARPE cell 

showed mild cytotoxicity to ARPE cells and, ISL at 50 îM 
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Figure 5: The inhibitory effect of ISL on VEGF-A-induced HUVEC migration 

in a scratch wound healing assay. 

HUVECs grew to 100% confluence were scratched with a scraping tool, and 

treated with different concentration of ISL (5, 10 & 15 î M) in the presence of 

VEGF165 (20 ng/ml). Untreated cells and cells treated with VEGF alone, Avastin 

(312 |ig/ml) or PP2 (10 |xM) with VEGF added served as controls. Microphotographs 

of HUVECs in the denuded area were taken at different time points by phase-contrast 

microscopy using a 5x objective. Six images were captured for each treatment. 

HUVEC present in the denuded area were quantified and expressed as number of 

cells per mm^ area. (A) Representative photographs after 24-hour treatment to assess 

HUVECs migration. (B) A time-dependent increase of HUVEC number in the de-

nuded area in four control groups, compared to untreated cells. Avastin and PP2 in-

hibited VEGF stimulated HUVEC migration. (C) A time- and dose-dependent sup-

pression of VEGF-induced HUVECs migration by ISL treatment. 
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Liu HM 

Figure 6: Morphological analysis of blood vessel changes of chick chorioallan-

toic membrane at 24 hours after treatments. 

A and B. gelatin sponge with BSS showing blood vessels converging towards 

the sponge material; C and D. gelatin sponge with VEGF (60 ng); E and F, gelatin 

sponge with polyclonal anti-VEGF antibody (0.6 ^g); G and H, gelatin sponge with 

Avastin (75 ng). Scale bars = 1 mm. 
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ISL ltiM@D7 

Figure 9: Effect of ISL corneal neovascularization development 

Representative photographs of BALB/c mice corneas at 7 days after silver ni-

trate cauterization, followed by topical treatment with ISL (0.5, 1,5, 10, 50 î M) four 

times daily. A. BSS control, new vessels grew extensively from limbal vasculature 

on the corneal surface towards the central region, B. 0.5 |iM ISL; C. 1 |aM ISL; D. 5 

HM ISL; E. 10 fiM ISL and F. 50 îM ISL. ISL at 0.5 \iM started to shown suppres-

sive effect on corneal NV formation. When ISL was topically applied at >/= 1 pM， 

effective suppression of corneal NV growth was observed. Scale bars = 1 mm. 
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BSS@D7 ISL0^iiM@D7 ISL liiM@D7 

Figure 10: Effect of ISL on blood vessel manifestation in corneal neovascularization assay 

Representative segments from corneal flat mounts immunostained with mono-

clonal anti-PECAM-FITC conjugate after topical treatment with ISL for 7 days. A. 

BSS control. B. 0.5 ^M ISL; C. 1 |aM ISL; D. 5 îM ISL; E. 10 [iM ISL and F. 50 

|LIM ISL. Scale bars = 1 mm. 
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0.5 1 5 10 50 ISL(̂ M) 

Figure 11: Suppression of neovascularized area after ISL treatment for 7 days. 

The vascularized area on mice corneas revealed by immunostaining with mono-

clonal anti-PECAM-FITC conjugate was quantified and expressed as a ratio to the 

total corneal surface bordered by limbal vasculature. The result was represented as 

mean 士 S.E.M. (error bars). A dose-dependent suppression of corneal NV formation 

and growth was observed for ISL treatment. ISL at >/=l |iM effectively suppressed 

corneal NV. *尸<0.05，**P<0.01 (one-way ANOVA Test), compared to BSS control. 
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Figure 12: Effect of ISL corneal neovascularization development 

Representative photographs of BALB/c mice corneas after silver nitrate cau-

terization, followed by topical treatment with ISL (0.5, 1，5，10, 50 |iM) four times 

daily for 14 days. A. BSS control, new vessels grew extensively from limbal vascu-

lature on the corneal surface towards the central region, B. 0.5 _ ISL; C. 1 |iM ISL; 

D. 5 ^M ISL; E. 10 \xM ISL and F. 50 \iU ISL. ISL at 0.5 \iM started to shown sup-

pressive effect on corneal NV formation. When ISL was topically applied at >/= 1 

Î M, effective suppression of corneal NV growth was observed. Scale bars 二 1 mm. 
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BSS@D14 ISL0^iiM@D14 ISL l i tM^DH 

Figure 13: Effect of ISL on blood vessel manifestation in corneal neovascularization assay 

Representative segments from corneal flat mounts immunostained with mono-

clonal anti-PECAM-FITC conjugate after topical treatment 

BSS control. B. 0.5 |iM ISL; C. 1 \xM ISL; D. 5 |iM ISL; 

|j.M ISL. Scale bars = 1 mm. 

with ISL for 14 days. A. 

E. 10 |iM ISL and F. 50 
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BSS 0.5 SOISM^M) 

Figure 14: Suppression of neovascularized area after ISL treatment for 14 days. 

The vascularized area on mice corneas revealed by immunostaining with an-

ti-PECAM-FITC conjugate was quantified and expressed as a ratio to the total cor-

neal surface bordered by limbal vasculature. The result was represented as mean 士 

S.E.M. (error bar). A dose-dependent suppression of corneal NV formation and 

growth was observed for ISL treatment. ISL at >/=l \iM effectively suppressed cor-

neal NV. *户<0.05, **i^<0.01 (one-way ANOVA test)，compared to BSS control. 
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Liu HM 

Fundus Fluorescence Angiography 
B 

C D 
1.3. a) DiylO{丨, 

HH 
圔 

E Immunohistochemical evaluation 

iSL 1/iM ISL S/itt iSL 20(J» 

Figure 15; Anti-angiogenic effect of ISL on laser photocoagulation-induced 

choroial NV model. 

Immediately after diode laser-photocoagulation, ISL (10, 50，200 \iM in BSS) 

was injected intravitreously at 1 volume to achieve a vitreal concentration of 1, 5 

and 20 jaM. At day 4, 7 and 10, the mice retinas were examined by fluorescein an-

giography (FA). From images taken at different stage (<2min, 2-4 min and >5 min), 

the fluorescein leakage of lesions were scored. At day 10，after enucleation, choroidal 

flat mount was immunostained with isolectin-B4-FITC conjugate for vessel endothe-

lial cells. FA images of A. BSS control; B. 1 |iM ISL; C. 5 |aM ISL and D. 20 |iM 

ISL. E. Immunofluorescence images of choroidal flat-mounts stained for isolectin-B4. 

Scale bars = 0.1 mm. 
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Figure 17: ISL reduced the vascularized area in laser-induced choroidal NV assay. 

At day 10 after treatment, choroidal flat mounts were stained for isolectin-B4 to 

label vessel endothelial cells. The vascularized area in each lesion was measured and 

expressed as mean 土 S.E.M (error bars) 

that the vascularized area in ISL treated 

compared to BSS control group (* P<0.05, 

in each treatment group. Results showed 

groups were significantly reduced when 

one-way ANOVA test). 
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Figure 18: Chemical structure of epigaIlocatechin-3-gallate 

Chemical name is [(2/?,37?)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)c]iroman-3-yl] 

3,4,5-trihydroxybenzoate, (C22H18O11). Molecular mass is 458.37 g/mol. Picture is 

adapted from ChemBlink, http://www.chemblink.com. 
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Figure 19: Resources of Epigallocatechm-3-gallate: green tea. 

(Picture is obtained from http://antiagingtreatments.blogspot.com) 
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Figure 20: Effect ofEGCG on cell viability of ARPE-19 cells. 

ARPE-19 cells (7 x 10^) were seeded in the presence ofEGCG (0, 10，50 and 100 

|iM respectively). Cytotoxicity ofEGCG was evaluated at 1, 3 and 5 days by 

MTT assay. The cell viability was expressed as the ratio of cell survival under 

treatment / cell survival for the untreated control cells. Each concentration of 

EGCG was tested in quadriplicate. EGCG at 10 & 50 juM showed no cytotoxicity 

to ARPE-19 cells, EGCG at 100 |iM had reduced cell survival. 
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Figure 21: The inhibitory effect ofEGCG on VEGF-A-induced HUVEC migra-

tion in a scratch wound healing assay. 

HUVECs grew to full confluence were scratched with a scraping tool and treated 

with different concentrations of EGCG (0, 10, 20 and 50|iM) in the presence of 

VEGF165 (20 ng/ml). Untreated cells and cells treated with VEGF alone, Avastin 

(312 |ag/ml) or PP2 (10 |LIM) with V E G F added served as controls. Phase-contrast 

microphotographs of HUVECs in the denuded area were taken at different time 

points using a 5x objective. Six images were captured for each treatment. HUVEC 

present in the denuded area were quantified and expressed as number of cells per 

mm 2 (A) Representative photographs after 24-hour treatment to assess HU-

VECs migration. (B) A time-dependent increase of HUVEC number in the denuded 

area in four control groups, compared to untreated cells. Avastin and PP2 inhibited 

VEGF stimulated HUVEC migration. (C) A time- and dose-dependent suppression of 

VEGF-induced HUVEC migration by EGCG treatments. 
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Figure 24. Effect of EGCG corneal neovascularization development. 

Representative photographs of BALB/c mice corneas after silver nitrate cauteri-

zation, followed by topical treatment with EGCG (0.5, 1,5, 10, 50, 250 ^iM) four 

times daily for 7 days. A. BSS control, new vessels grew extensively from limbal 

vasculature on the corneal surface towards the central region, B. 0.5 |iM EGCG; 

C. 1 ^iM EGCG; D. 5 ^M EGCG; E. 10 îM EGCG; F. 50 îM EGCG and G. 250 

|LIM EGCG. EGCG at 1 JXM started to shown a suppressive effect on corneal NV 

formation. When EGCG was topically applied at >/= 1 |aM, effective suppression 

of corneal NV growth was observed. Scale bars = 1 mm. 
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Figure 25: Effect of EGCG on blood vessel manifestation in corneal neovascu-

larization assay 

Representative segments from corneal flat mounts immunostained with mono-

clonal anti-PECAM-FITC conjugate after topical treatment with EGCG for 7 days. A. 

BSS control. B. 0.5 |uM EGCG; C. 1 jaM EGCG; D. 5 [iM EGCG; E. 10 |iM EGCG 

and F. 50 |iM EGCG; G 250 _ EGCG. Scale bars = 1 mm. 
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Figure 26: Suppression of neovascularized area after EGCG treatment for 7 

days. 

The vascularized area on the mice corneas revealed by immunostaining with an-

ti-PECAM-FITC conjugate were quantified and expressed as a ratio to the total cor-

neal surface bordered by limbal vasculature. The result was represented as mean 士 

S.E.M. (error bar). A dose-dependent suppression of corneal NV formation and 

growth was observed for EGCG treatment (n=5). EGCG at >/= 1 |iM effectively 

suppressed corneal NV. < 0.05，** P < 0.01 (one-way ANOVA test), compared to 

BSS control. 

129 
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Figure 27: Effect of EGCG corneal neovascularization development. 

Representative photographs of BALB/c mice corneas after silver nitrate cauteri-

zation, followed by topical treatment with EGCG (0.5，1, 25, 10, 50 and 250 |iM) 

four times daily for 14 days. A. BSS control, new vessels grew extensively from 

limbal vasculature on the corneal surface towards the central region, B. 0.5 |uM 

EGCG; C. 1 îM EGCG; D. 5 ^iM EGCG; E. 10 ^M EGCG; F. 50 îM EGCG 

and G. 250 |j,M EGCG. EGCG at 0.5 |aM started to shown suppressive effect on 

corneal NV formation. When EGCG was topically applied at >/= 0.5 j^M, effec-

tive suppression of corneal NV growth was observed. Scale bars = 1 mm. 
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Figure 28: Effect of EGCG on blood vessel manifestation in corneal neovascu-

larization assay 

Representative segments from corneal flat mounts immuno stained with an-

ti-PECAM-FITC conjugate after topical treatment with EGCG for 14 days. A. 

BSS control. B. 0.5 jiM EGCG; C. 1 ^M EGCG; D. 5 ^M EGCG; E. 10 juM 

EGCG; F. 50 ^M EGCG and G. 250 fiM EGCG Scale bars = 1 mm. 
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Figure 29: Suppression of neovascularized area after EGCG treatment for 14 days. 

The vascularized area on the mice corneas revealed by immunostaining with an-

ti-PECAM-FITC conjugate were quantified and expressed as a ratio to the total cor-

neal surface bordered by the limbal vasculature. The result was represented as mean 

± S.E.M. (error bar). A dose-dependent suppression of corneal NV formation and 

growth was observed for EGCG treatment (n=5). EGCG at >/= 0.5 |iM effectively 

suppressed corneal NV. * P < 0.05, ** P < 0.01 (one-way ANOVA test) compared to 

BSS control. 
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Figure 30: Anti-angiogenic effect of EGCG on laser photocoagulation-induced 

choroidal NV model. 

Immediately after laser-photocoagulation, EGCG (100, 500, 2000 ^M in BSS) was 

injected intravitreously at 1 volume to achieve a vitreal concentration of 10, 50 

and 200 i^M, respectively. At day 4, 7 and 10, the mice retinas were examined by 

fundus fluorescein angiography (FFA). From images taken at different stage (<2 min， 

2-4 min and >5 min), the fluorescein leakage in lesions was scored from Grade 1 to 4. 

At day 10, choroidal flat mount was immunostained with isolectin-B4-FITC conju-

gate for vessel endothelial cells. FFA images of A. BSS control; B. 10 fiM EGCG; C. 

50 |LIM EGCG and D. 200 jiM EGCG. E. Immunofluorescence images of choroidal 

flat-mounts stained with isolectin-B4. Scale bars = 0.1 mm. 
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Figure 32: EGCG suppressed the vascularized area in laser-induced choroidal NV assay. 

At day 10 after treatment, choroidal flat mounts were stained with isolectin-B4 to 

label vessel endothelial cells. The vascularized area in each lesion was measured and 

expressed as mean 士 S.E.M. (error bars) for each treatment. Results showed that the 

vascularized area in EGCG treated groups was significantly reduced when compared 

to BSS control group (* P < 0.05, ** P<0.01 , one-way ANOVAtest). 
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Figure 33: Chemical structure of Resveratrol. 

Chemical name is /ra似-3,5,4’-trihydroxystilbene, or 5-

[(1 E)-2-(4-hydroxyphenyl) ethenyl] -1,3-benzenediol; (C14H12O3). Molecular 

mass is 228.25 g/mol. Picture is adapted from ChemBlink, 

http://www.chemblink.com. 
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Figure 34: Resources of resveratroi: grapes and red wine. 

(Picture is obtained from http://www.leamaboutresveratrol.com) 
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Figure 35: Effect ofRst on cell viability of ARPE-19 cells. 

ARPE-19 cells (7 x 10^) were seeded and cultured in the presence of Rst (0, 2.5, 10, 

20，25 and 50 respectively). Cytotoxicity of Rst was evaluated by MTT assay at 

day 1, 3 and 5. The cell viability was expressed as the ratio of cell survival under 

treatment / cell survival for the untreated control cells. Each concentration of Rst was 

tested in quadriplicate. Rst at 2,5 and 10 |xM showed no effect on ARPE-19 cell 

growth. Rst at 20 and 25 îM showed mild reduction of ARPE-19 cell number. Rst at 

50 î M reduced cell survival. 
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Figure 36: Inhibition ofRst on VEGF-A-induced HUVEC migration. 

HUVECs grew to full confluence were scratched with a scraping tool and treated 

with Rst (5, 10 and 20 M) in the presence of VEGF165 (20 ng/ml). Untreated 

cells and cells treated with VEGF alone, Avastin (312 |ag/ml) or PP2 (10 |j.M) with 

VEGF were served as controls. Phase-contrast micrographs of denuded area were 

taken at different time points using a 5x objective. HUVEC migrated to denuded 

area were counted and expressed as number of cells per mm^ area. (A) Representa-

tive photographs at 24 hour of treatment to assess HUVECs migration. (B) Number 

of HUVEC cells in the denuded area in four control groups, compared to untreated 

cells. Avastin and PP2 inhibited VEGF-stimulated HUVEC migration. (C) A 

dose-dependent suppression of VEGF-induced HUVEC migration by Rst treatment. 
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Figure 39: Effect of Rst corneal neovascularization development. 

Representative photographs of BALB/c mice corneas after silver nitrate cauteri-

zation, followed by topical treatment with Rst (0.5, 1, 2, 10, 50 ^M) four times 

daily for 7 days. A. BSS control, new vessels grew extensively from limbal vas-

culature on the corneal surface towards the central region, B. 0.5 |j.M Rst; C. 1 

|iM Rst; D. 2 |iM Rst; E. 10 îM Rst and F. 50 ^M Rst. Rst at 1 îM showed sup-

pression on corneal NV. When Rst was topically applied a t�/二 1 |aM, effective 

suppression of corneal NV was observed. Scale bars = 1 mm. 
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Figure 40： Effect of Rst on blood vessel manifestation in corneal neovascularization assay 

Representative segments from corneal flat mounts immunostained with an-

ti-PECAM-FITC conjugate after topical treatment with Rst for 7 days. A. BSS con-

trol. B. 0.5 î M Rst; C. 1 \iM Rst; D. 2 ^M Rst; E. 10 ^M Rst and F. 50 îM Rst. 

Scale bars = 1 mm. 
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Figure 41: Anti-angiogenic effect of Rst on mice corneal NV after treatment for 7 days. 

The vascularized area on mice corneas revealed by immunostaining with an-

ti-PECAM-FITC conjugate was quantified and expressed as a ratio to the total cor-

neal surface bordered by limbal vasculature. The result was represented as mean 士 

S.E.M. A suppression of corneal NV formation and growth was observed for Rst 

treatment (n=5 each group). Rst at >/= 1 [iM effectively suppressed corneal NV. * P 

< 0.05, **P < 0.01 (one-way ANOVA test), compared to BSS control. 
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Figure 42: Effect of Rst corneal neovascularization development. 

Representative photographs of BALB/c mice corneas after silver nitrate cauteri-

zation, followed by topical treatment with Rst (0.5, 1，2, 10, 50 }iM) four times 

daily for 14 days. A. BSS control, new vessels grew extensively from limbal 

vasculature on the corneal surface towards the central region, B. 0.5 |aM Rst; C. 1 

îM Rst; D. 2 |iM Rst; E. 10 Rst and F. 50 |iM Rst. Rst at 1 îM started to 

suppress corneal NV formation. When Rst was topically applied at >/= 1 |iM, ef-

fective suppression of corneal NV growth was observed. Scale bars = 1 mm. 
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Figure 43: Effect of Rst on blood vessel manifestation in corneal neovascularization assay 

Representative segments from corneal flat mounts immunostained with an-

ti-PECAM-FITC conjugate after topical treatment with Rst for 14 days. A. BSS con-

trol. B. 0.5 [iM Rst; C. 1 jiM Rst; D. 2 |LIM Rst; E. 10 [xM Rst and F. 50 ÂM Rst. 

Scale bars = 1 mm. 
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Figure 44: Anti-angiogenic effect of Rst on corneal NV model after treatment for 14 days. 

The vascular area on the mice corneas revealed by immunostaining with an-

ti-PECAM-FITC conjugate was quantified and expressed as a ratio to the total cor-

neal surface bordered by limbal vasculature. The result was represented as mean 士 

S.E.M. Suppression of corneal NV formation and growth was observed for Rst 

treatment (n二5 each group). Rst at >/= 1 ^M effectively suppressed corneal NV. < 

0.05 **P<0.01 (one-way ANOVAtest). 
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Figure 45: Anti-angiogenic effect of Rst on laser photocoagulation-induced 

choroial NV model. 

Immediately after laser-photocoagulation, Rst (20, 100，500|liM in BSS) was injected 

intravitreously at 1 |il volume to achieve a vitreal concentration of 2，10 and 50 |iM， 

respectively. At day 4, 7 and 10, the mice retinas were examined by fundus fluo-

rescein angiography (FFA). From images taken at different stage (<2 min, 2-4 min 

and >5 min), the fluorescein leakage in lesions was scored from Grade 1 to 4. At day 

10, choroidal flat mount was immunostained with isolectin-B4-FITC conjugate for 

vessel endothelial cells. FFA images of A. BSS control; B. 2 |aM Rst; C. 10 î M Rst 

and D. 50 \iM Rst. E. Immunofluorescence images of choroidal flat-mounts stained 

with isolectin-B4. Scale bars = 0.1 mm. 
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Figure 47: Rst suppressed the vascular area in laser-induced choroidal NV as-

say. 

At day 10 after treatment, choroidal flat mounts were stained for isolectin-B4 to label 

vessel endothelial cells. The vascular area in each lesion was measured and ex-

pressed as mean ± S.E.M for each treatment groups. Results showed that vascular 

area of Rst treated groups were significantly smaller than BSS control group (* 

P<0.05, one-way ANOVA test). 
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1 Full medium 
2 Starved 
3 + VEGF (20 ng/ml) 
4 + VEGF + Avastin (312 ̂ .g/ml) 
5 +VEGF + ISL(10|iM) 
6 + VEGF + Rst (10 mM) 
7 +VEGF + EGCG (SO îM) 

Figure 48: VEGF & PEDF expression by Western blot and quantification 

analysis by band densitometry. 

The histogram showing the mean densitometric measurement in triplicated experi-

ments. * P< 0.05, paired Student's t-test. 
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Figure 49: Akt activation assay by Western blot analysis and quantification 

analysis by band densitometry. 

The histogram showing the mean densitometric measurement in triplicated ex-

periments. * P< 0.05, paired Student's t-test. 
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Figure 50: FAK activation assay by Western blot and band densitometry analy-

sis. 
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Figure 51: MMP-2 & MMP-9 expression by Western blotting 
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