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An Abstract of

Tanshinone IIA inhibits VEGF and HIF-1a expression in Cultured Human Retinal
Pigment Epithelial Cells under Hypoxia
by
Rami Alzhrani
Submitted to the Graduate Faculty as partial fulfillment of the requirements for the
Master of Science Degree in Pharmaceutical Sciences
The University of Toledo
August 2016
Aim: The current work intends to study the activity of tanshinone IIA on expression of
HIF-1a and secretion of VEGF in human retinal pigment epithelial cells (ARPE-19 cells)

under hypoxic condition.

Methods: The cytotoxicity of tanshinone IIA was tested in ARPE-19 and bovine corneal
endothelial cells by MTT assay. ARPE-19 cells were incubated with different
concentrations of cobalt chloride (100, 150, and 200 uM) for 12 hours and levels of
expressed HIF-1a and secreted VEGF were quantified through Western blot and ELISA,
respectively. Further, ARPE-19 cells were pretreated for one hour with different
concentrations of tanshinone IIA (5, 10, 15 and 18 uM). After one hour, the cells were
subjected to hypoxic condition using 150 uM cobalt chloride for 12 hours in the presence
and absence of tanshinone IIA. The cells were then harvested and the secreted VEGF and

expressed HIF-1a was studied.



Results: Tanshinone IIA at concentrations 5, 10, 15 and 18 pM did not show cytotoxicity
in both ARPE-19 and bovine corneal endothelial cells. Chemical hypoxia induced by
cobalt chloride caused a significant increase in VEGF level in a dose dependent manner
and HIF-1a expression peaked at 150 pM. Based on the data, cobalt chloride
concentration was maintained at 150 uM for further studies. Tanshinone IIA decreased
the level of HIF-1a and VEGF secretion in a dose dependent manner under hypoxic

condition.

Conclusion: This study is the first report on the effects of tanshinone IIA on HIF-1a
expression and VEGF secretion in hypoxic ARPE-19 cells. Tanshinone IIA could be a

potential new treatment option for various neovascular diseases such as AMD.



Acknowledgements

I would like to express my sincere gratitude to my advisor Dr. Sai Boddu for the
continuous support during my Master’s degree study and research, for his patience,
motivation, enthusiasm, and immense knowledge. His guidance helped me in conducting
research and completing this thesis. I could not have imagined having a better advisor
and mentor for my Master’s study. I would like also to thank Dr. Zahoor Shah for being a
member of my thesis committee. I also would like to thank Dr. Shah for giving me an
opportunity to use his cell culture facility and instruments to finish the work. My thesis
would not have been completed without his help and timely feedback. Also, I would like
to thank Dr. Jerry Nesamony for serving as a member of my thesis committee and for his
valuable courses which made me think deeper and out of the box. I would like to thank
Dr. Alexander Kenneth for his valuable courses. I would also like to thank Dr. Caren
Steinmiller for her fabulous course and being my graduate representative in my defense. I
would like to thank Qasim Alhadidi who taught me cell culture, MTT assay, Western blot
and immunohistochemistry. Also, I would like to thank Dr. Pannee Burckel who helped
me with SEM instrument. I would like to thank Saudi Arabian Cultural Mission (SACM),
Ministry of Education, Saudi Arabia and College of Pharmacy at Taif University for

providing scholarship and funds to complete my Master’s degrees. Also, I would like to



acknowledge Kastel’s Slaughterhouse (Riga, MI) for providing bovine eyes. I would like
also to thank senior and junior members of our lab, especially, Hashem Alasab and Rinda
Bachu, who have helped me in my research and for being such great colleagues and
friends. I would like to thank all my friends and classmates for supporting me throughout
all challenges I faced. Although, the past two years were tough, I really enjoyed every
single moment with my classmates. It was an unforgettable experience. Also, I would like
to thank Saleh Alagel, Qaseem Hakami, Fawaz Alasmari, Fahad Alshehri, Youssef
Althibiti, Mohammed Shahadat and Kevin Nash for their support and suggestions

especially in Western Blot.

Most of all, I would like to thank my parents for unlimited support, love and care
especially during my study abroad, which charged me with strength, hope, and
enthusiasm. I would to thank my brothers and sisters who have been encouraging, and

supporting me since I started my abroad educational journey.

Vi



Table of content

ABSTRACT ...ttt ettt ettt e e et e b e e sbe e st esseesseeseeseessesssenseessesseensens il
ACKNOWLEDGEMENTS .....oootieiieieiteeetee ettt se e ssaenseeneens v
TABLE OF CONTENT ..ottt ettt e sseesseenaennas vii
LIST OF FIGURES ......ooiitieeeeetee ettt ettt sttt aeensessaenseeneens Xi
CHAPTER 1 oottt ettt ettt b e e sa e sae e s e essesseenseessenseenseennans 1
LT OVERVIEW Lottt ettt ettt ettt ettt et e st e et e e nateeeateesntteesnsteesabaeesnseeenaseeas 1
1.2 ANATOMY OF THE EYE ...ettiiitieeiiieniieeniteenieeesteeeniteeensseesnaseessseessnessseeesseessseens 3
1.2.1 Structure and anatomy Of T€HINA..........ccveeriieriieiieeie ettt 4
1.2.2  PROTOTECEPIOLS ...eeiiieniieeiiieiie et eite ettt et eite et ette e bt e staeebeesabeenbeesnseenseesnsaans 5
1.2.3 Retinal Pigment Epithelium..........ccccoviiiiiiiiiiiiiiiieee e 6
1.2.4 Bruch’s MEmMDIanE: .........cccuiiiiiiiiiiieciiecciee ettt e e e evee e evee e evee e 7
1.2.5 Choriocapillaris (CC) ....c.iimiieiiiinieeiieiieeie ettt et ens 8
1.3 MAJOR TYPES OF AMD ..ottt ettt 8
1.3.1 Neo-vascular AMD/Wet/EXUdatiVe ........ccceeevviieiiieeiiieeieeeieee e 8
1.3.2 Non-neovascular/Dry/Atrophic AMD .........ccccoeviiiiiiiieniieieceeee e 9

vii



1.4 STAGES OF AIMD ...ttt e e ettt eeee e e e e e e eeeaaaeranesaeeeees 10

141 Early AMD ...cooiiiiiicieeeeeee ettt 10
1.4.2 Late stages of Dry AMD (Geographic atrophy).......ccccoeeeeviiievieniieniienieenen. 10
I.5  RISKFACTORS.....ooiiiiiiiiiiiicictc e e 10
1.6 PATHOGENESES ......coitiiiiiiiiiiie ittt sttt ettt st e st 11
1.6.1 HIF-To regulated AMD........occoiiiiiiiieiiecie ettt 13
1.6.2 Inflammation mediated AMD .........ccoociiiiiiiiiiiiieiece e 15
L7 DIAGNOSIS ..ttt st st 15
1.7.1 AMSIEr GIId c..ooiiiiiiiiiiicicceeee e 16
1.7.2 Optical coherent tomography (OCT)......cccceevvieriieriieiiieiiecieeieeie e 17
1.7.3 Fundus Fluorescein Angiography (FFA) and Indocyanine Green (ICG):....... 18
1.8 MANAGEMENT OF AMD ....cccoociiiiiiiiiiiiiiiiccee e 19
1.8.1 Ocular Photodynamic Therapy (OPT)......cccccceviieiiiiiieiienieeieeieeieee e 19
1.8.2 Argon-laser photocoagulation therapy ...........cccceeviervieeniieniiienieeieeeeee e 19
1.8.3 Anti-angiogenicC therapy ......ccccceevuieriieiieeie ettt 19
1.8.4 NEWET TESCATCH ......eieuiieiiiiiieeie ettt ettt et e eeneeas 21
Novel therapies in clinical trials for wet AMD .......cccccooiiviiiiiiiniiiiceeeeen 22

viii



CHAPTER 2 ..o 23

2.1.  POTENTIAL USE OF TANSHINONE ITA INWET AMD: ...ccooiiiiiiiiicieecee 25
CHAPTER 3 ..ottt ettt ettt ettt et et e benbe et 27
3.1 ABSTRACT : .ottt ettt ettt 27
3.2, INTRODUCTION:.....etiitiiritietteeite ettt ettt ettt et sate et e sae e s bt e b e esneenaeeeanees 29
330 MATERIALS ...ooutiiiitiieeeite ettt ettt ettt ettt ettt e bt e bt saee s beenae e et e nbeeeanees 32
34, METHODS.....eiiiieiiiteieeete ettt ettt ettt ettt et e e sae e e beesateeaneesaeeenees 33
341, Cell CUIUTC ..o ettt 33
3.4.2.  Preparation of Tanshinone IIA stock solution ............ccceeceverieriiieniennrnnen. 34
343, CYLOtOXICILY @SSAY eveevreeurrenireerienereeteessteeseessreanseesseeasseessnesnseessseesseesssesnsens 34
3.4.4. Effects of hypoxia on HIF-1a. release and VEGF secretion...................... 35
3.4.5. Enzyme-linked immunosorbent assay (ELISA) ........ccccooiivienviienieninennen. 35
3.4.6. WeStern BlOt ..couuiiiiiiiiiiciiee e 36
3.4.7.  Treatment of ARPE-19 with tanshinone ITA .............ccccoooiiiiiniiinieneeee. 37
3.5, RESULTS .ottt s 37
3.5.1. CYtOtOXICILY @SSAY eveeuvreeurreireerienireeteensteereenseeeseesseeesseesssesseesssesseesssesnsens 37
3.5.2.  Effect of hypoxia on secretion of VEGF in ARPE-19 cells ....................... 42
3.5.3.  Effect of hypoxia on HIF-1a expression in ARPE-19 cells........................ 43

iX



3.5.4.  Effect of Tanshinone IIA on expression of HIF-1a and secretion of VEGF

1N hypoXic ARPE-19 CEIIS ..ouuviiiiiiiieiiee et 45

3.0, DISCUSSION . ...etttttttieee ettt ettt eeeeee ettt eaaeeeeseeetesaaaaaaeseseeesasanaaeseseeeresnnaaneas 48
R O0)\\ (©] B U] [0\ R 52
REFERENCES ..ottt e e e e e e eeeeeeaeeeneneeeeenennennns 53



List of Figures

Figure 1: Anatomy Of the €Y .....cccviiiiiiiieiieie e 4
Figure 2: Anatomical structure of the retina..........cccovceeviiiiinieniniinieceeeeeeen 5
Figure 3: Pathogenesis 0f AMD ......ccciiiiiiiiiiiiinieeeeeeeeee e 13
Figure 4: AMSIEr GIid.....coooiuiiiiiiiiieeeeeee et 17
Figure 5: Chemical structure of Tanshinone ITA ..........ccccooiiiiiiiniiiiniieeee 24

Figure 6: Viability of ARPE-19 cells after being exposed to various concentrations of
Tanshinone TTA ........ccooiiii et 39
Figure 7: Morphology of ARPE-19 cells after exposure to various concentrations of
Tanshinone IIA for 24 NOUTS........cccccviiiiiiriiiinicceeeee e 40
Figure 8: Viability of bovine corneal endothelial cells after being exposed to various
concentrations of Tanshinone ITA for 24 hours. .......cccccoveveriiniiiinicneeeee 41
Figure 9: Secretion of VEGF under normoxic and hypoxic conditions in ARPE-19 cells
after exposure to different concentration of cobalt chloride...........cccooveviiiiniininennene 42
Figure 10: Immunoblot analysis showing the protein expression of HIF-1a in ARPE-19

.......................................................................................................................................... 43

Xi



Figure 11: The levels of HIF-1a expression after application of different concentrations
of cobalt chloride on ARPE-19 Cells. ......c.ccoeiiiiiniiniiiiiiiiieccceeececcee e 44
Figure 12: Immunoblot analysis showing the protein expression of HIF-1a after being

exposed to various concentrations of Tanshinone ITA............ccocooiiiiniiiiniiniiniiee 46

Xii



Figure 13: Effect of tanshinone ITA on the expression of HIF-1o under hypoxic condition

Figure 14: Effect of tanshinone IIA on secretion of VEGF under hypoxic condition...... 47

Xiii



Chapter 1

Introduction

1.1 Overview

Age-related macular degeneration (AMD) is an acquired, irreversible and multifactorial
neurodegenerative disease. AMD is characterized by progressive deterioration of retinal
photoreceptors and retinal pigment epithelium (RPE) and thickening of Bruch’s
membrane (BM). AMD also affects choriocapillaris predominantly in the macular region
of the retina, resulting in the loss of central vision [1-6]. In developed countries, AMD is
the leading cause of central vision impairment in individuals over 50 years. AMD is
known to affect nearly 10% of those older than 65 years, and more than 25% of those
older than 75 years [1]. Based on 2010 statistics obtained from the National Eye Institute,
the prevalence of AMD is higher in women (about 65%) when compared to men (about
35%). Also, a majority of AMD cases was observed among white Americans (89%)
compared to the black and Hispanic populations (8%). From 2000-2010, the number of

people in the United States diagnosed with AMD increased from 1.75 to 2.01 million,



and it is expected to rise by more than double (approximately 5.44 million) by the end of

2050 [7].

AMD is majorly categorized into two forms, oxidative (or wet or neovascular) AMD and
non-oxidative (or dry or non-neovascular) AMD. The oxidative form of AMD is
characterized by choroidal neovascularization (CNV) resulting in the growth of abnormal
blood vessels from the choroid beneath the macula. These abnormal blood vessels leak
fluids, lipids and blood into the retina eventually resulting in a fibrous scar, leading to
permanent loss of central vision [8]. The non-oxidative AMD is characterized by the
presence of yellow to yellowish-white nodular deposits called drusen [2]. This form does
not lead to central vision loss, but has substantial functional limitations, including vision
fluctuations, difficulty in reading and poor vision at night or reduced illumination
conditions. It tends to progress at a slower rate when compared to oxidative AMD.
However, in some cases it might be transformed into oxidative AMD, which is much
more severe and aggressive [9-11]. Although the etiology of the disease is unknown [12],
genetic variants, environmental and life-style factors are responsible for causing AMD.
Genetic variants include positive family history, ethnic differences and mutations in
genes responsible for causing AMD [13]. Environmental and lifestyle factors include
cigarette smoking, low dietary intake of vitamin A, C, zinc, lutein and Omega-3 fatty
acids [8]. Another important factor which causes AMD is oxidative stress mediated by
reactive oxygen intermediates (ROIs). ROIs are usually the byproducts of oxygen
metabolism, which include free radicals, hydrogen peroxide and singlet oxygen. The

retina is highly susceptible to oxidative stress due to its high oxygen consumption, high



proportion of polyunsaturated fatty acids and its exposure to visible light. Research
indicates that the hypoxic condition triggers neovascularization, eventually leading to the

loss of central vision [14].

1.2 Anatomy of the eye

The eye is composed of three main layers as shown in Figure 1. The fibrous layer forms
the outer coat of the eye, which is composed of tough, fibrous sclera and the transparent,
avascular cornea for focusing light. The layer next to fibrous layer is the vascular layer,
which is composed of choroid layer, ciliary muscle and iris. The choroid layer contains
dark pigment which prevents internal reflection of light. The ciliary muscle undergoes
contractions making the lens more convex and aids in the process of focusing light onto
the retina. The iris is the colored part of the eye, which contains sphincter papillae and
dilator papillae smooth muscles. These help in regulating the amount of light entering the
eye by altering pupil diameter and thereby protecting the sensitive cells of the retina. The
innermost layer of the eye is known as the retina and is explained in detail in the later

section [15, 16].



Ciliary Muscle

Figure 1: Anatomy of the eye

1.2.1 Structure and anatomy of retina

The retina is a thin layer of photoreceptor and neuronal cells found between the choroid
layer and vitreous body (Fig. 2) [15]. It is mainly divided into two parts, optic and non-
visual retina. The optic part is further subdivided into pigmented and neural layers. The
pigmented layer consists of a sheet of melanin composed of cuboidal epithelial cells
called the retinal pigment epithelium (RPE). RPE aids the choroid layer in ensuring
visual activity by preventing light scattering [15] and melanin absorbs free radicals,
thereby protecting the light sensitive structures of the retina. A decrease in melanin
content with aging makes individuals more susceptible to short wave radiations and to the
toxic effects of free radicals [17]. RPE and neural layers are adhered together by weak
junctions which make them susceptible to detachment in conditions like trauma or

disease [18]. The non-visual part of the retina is a continuation of the anterior part of the



pigmented epithelium layer and stretches over the ciliary body and posterior surface of

the iris to the pupillary margin [15].
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Figure 2: Anatomical structure of the retina

1.2.2  Photoreceptors

The photoreceptors are a type of neuron located in the posterior part of the retina. These
cells are involved in photo transduction, i.e., absorb photons, convert light into electrical
signals and simulate the transmission of nerve impulses by triggering a change in cell
membrane potential. Photoreceptors are metabolically very active cells and consume high
amount of oxygen per gram of tissue weight than any other cells in the body. The energy

required is derived from their inner segments which are abundantly packed with



mitochondria [11]. In the human retina, there are two types of photoreceptors, rods and
cones. The rod cells are narrower than cone cells and are extremely sensitive. They can
be triggered even by a small number of photons and are solely responsible for scotopic
vision. The cones on the other hand, are responsible for the photopic vision. In humans,
three types of cones (red, green, and blue) are identified depending on their response to
different wavelengths of light. [19-21]. The macula, an oval shaped pigmented area in the
center of the retina, is made up of a cone dominated fovea and rod dominated parafovea
[11]. Studies indicate that mitochondrial DNA deletion and cytochrome c oxidase-
deficient cones accumulate with age. These changes occurring in the foveal region affect
the macular function of individuals as observed in age related maculopathy (ARM) [22].
In AMD, more rods are affected compared to cones. Studies indicate that the integrity of
RPE has a significant role in maintaining the number of photoreceptors. The research by
Green et al., revealed that the thickness of the scar formed in AMD is directly related to
the degeneration of photoreceptors. The thicker the scar, the greater is the distance

between the photoreceptors and the nourishing choriocapillaris [23].

1.2.3 Retinal Pigment Epithelium

Just below the photoreceptors, lies the retinal pigment epithelium (RPE). The RPE is
separated from the outer segment of photoreceptors by the subretinal space [24]. It
performs a number of complex functions which are essential in maintaining and
supporting optimal visual function. The RPE provides nutrients like omega-3 fatty acids
and glucose to the outer segments of photoreceptors. They are involved in the transport of
water, ions and metabolic end products from the subretinal space to the choroid layer

[25]. It plays a major role in forming the blood-retinal barrier (BRB) which prevents the



diffusion of blood-borne substances from the choroid [26]. RPE cells phagocytose the
mature outer segments of photoreceptors and thus serves as a part of the garbage disposal
system [11]. Studies indicate that RPE is actively involved in wound healing and helps in
building and sustenance of both choroid and photoreceptors by secreting different growth
factors, including fibroblast growth factor (FGF-1, FGF-2, and FGF-5), transforming
growth factor -3 (TGF-p), insulin-like growth factor-I (IGF-I), platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF), lens epithelium-derived
growth factor (LEDGF) and pigment epithelium-derived factor (PEDF) [11]. In AMD,
RPE undergoes alterations, including pigmentation changes, reduction of melanosomes
and cell density, and increase in oxidative stress and lipofuscin granules [27]. The
number and the concentration of reactive oxygen species caused by oxidative stress
contribute to the pathogenesis of AMD. Also, dysfunction of RPE leads to photoreceptor

loss and consequently results in vision impairment [11].

1.2.4 Bruch’s Membrane:

Bruch’s membrane (BM) is a stratified extracellular matrix, complex composed of
connective tissue located between the RPE and the choriocapillaris [11]. The membrane
consists of five layers (from inside to outside); basement membrane of the RPE (RPE
BM), inner collagenous layer, central elastic layer, outer collagenous layer and finally the
basement membrane of choriocapillaris. The components which make up the membrane
include collagen I, III, IV, V, VI, fibronectin, laminin, heparin sulfate proteoglycans
(HSPG) and chondroitin/dermatan sulphate. BM regulates the diffusion of nutrients and
electrolytes from the choriocapillaris to the RPE and the removal of waste products from

RPE to the choroid layer [28]. In addition, BM supports adhesion, differentiation and



migration of RPE cells. Structural or compositional alterations influence the diffusional
properties and therefore affect the function of the RPE and outer retina [11]. Studies
indicate that the nature of BM depends on individuals’ age, genetics, exposure to the
environmental risk factors, retinal location and disease condition. As the nature of BM is
different in each individual, the progression of ocular disease is uniquely affected [29]. In
AMD, BM gets thicker and harder and thickening is attributed to the accumulation of
biomolecules, cross-linked collagen fibers and waste products of RPE metabolism [30].
The process of thickening, leads to several functional alterations, including the changes in
elasticity and hydraulic permeability. Aging process decreases the hydraulic conductivity
and increases the lipid content. Lower hydraulic conductivity indicates a decreased

capacity for fluid exchange between RPE and choroid [11].

1.2.5 Choriocapillaris (CC)

Choriocapillaris is a layer of capillaries that lie adjacent and posterior to BM. The
position of CC in the RPE/BM/CC complex permits it to provide the oxygen needed by
the photoreceptors. Under dark conditions, the photoreceptors are almost hypoxic and
any disruption in blood flow to the CC would be harmful for the photoreceptors. In
AMD, the loss of CC results in ischemic RPE which in turn produces hypoxia-inducible
angiogenic factors such as VEGF. VEGF stimulates the growth of CNV from CC,

venules, arterioles through the BM that spreads under the RPE [11, 31].

1.3 Major Types of AMD

1.3.1 Neo-vascular AMD/Wet/Exudative

AMD is the third primary cause of visual impairment in industrialized nations with 8.7%



blindness prevalence. Neovascular AMD accounts for 10% of AMD cases in the United
States [32]. It is characterized by choroidal neovascularization, the growth of abnormal
blood vessel in the choroidal layer beneath the macula. Also, the incompetent endothelial
cells of the newer vasculature present fluid leakage and retinal hemorrhage. This results
in the formation of subretinal disciform scars, which appear as white/yellow lesions
causing distortion of vision and eventually leading to the permanent loss of central vision.
However, a few patients do not experience any changes in spite of the onset of CNV [11].
It is divided into two types: Type I and Type II. Type I CNV is associated with sub-RPE
space and presents as a fibrovascular detachment of the RPE. Type II CNV is associated
with sub neurosensory retinal space and appears as grey-green lesions underneath the
retina thereby increasing the thickness of the retina. These changes can be observed by

stereoscopic biomicroscopy [33].

1.3.2 Non-neovascular/Dry/Atrophic AMD

Non-neovascular accounts for 90% of AMD cases and is characterized by the
accumulation of drusen deposits, deterioration of RPE and functional loss of overlying
photoreceptors. Different kinds of drusen have been identified in the retina, soft, hard,
confluent, crystalline and basal laminar. Hard drusens are small (< 50 pum) discrete,
yellow nodular deposits occurring in the sub-RPE space. Soft drusens are pale yellow
lesions with poorly defined edges and are further classified based on size as small (< 63
pm), medium (63-125um) and large (> 125 um). With time, these drusen coalesce and
form multiple irregular structures (confluent drusen) or undergo -calcification to
crystalline form (crystalline drusen). Basal laminar or cuticular drusen are tiny white

deposits accumulated over the thickened Bruch’s membrane [34]. Patients with non-



neovascular AMD generally do not lose central vision, but experience limitations of
substantial function, including vision fluctuation, difficulty in reading and limited vision

under conditions of reduced illumination [2].

1.4 Stages of AMD

1.4.1 Early AMD

Early stage AMD is characterized by the presence of soft, indistinct and reticular drusen.
It is associated with macular changes characterized by abnormalities in RPE [35]. In
addition, patients start losing their ability to perform daily tasks such as driving, reading,

and facial recognition [2].

1.4.2 Late stages of Dry AMD (Geographic atrophy)

Late stages are characterized by hemorrhage of pigment epithelium, loss of RPE and
increased visualization of the choroid membrane. It is also associated with the presence
of exudative CNV, consisting of blood and lipids that eventually results in RPE

detachment.

1.5 Risk Factors

Several risk factors which are responsible for the development and progression of AMD
have been identified including age, hereditary, race and ethnicity. Aging is a predominant
factor associated with the incidence, prevalence and progression of AMD [36-39]. The
overall prevalence rate of different forms of AMD is about 9% among Americans who
are in their 40’s or older [40]. Genome-wide association studies (GWAS) indicate that

variations in CFH, C3, C2-CFB, CFI, ARM2, CETP, TIMP3, LIPC, VEGFA, COL10A1,

10



TNFRSF10A is associated with an increased risk for AMD. AMD is more common in
whites than in blacks [41]. Studies indicate that the prevalence of AMD is higher in
whites (5.4%) followed by Chinese (4.6%), Hispanics (4.2%) and African Americans
(2.4%) [42]. Research on human genome using DNA-sequence data showed that
polymorphism (Tyr402His) in the complement factor H gene, located on chromosome 1
(1g31), significantly increases the risk of AMD in whites [42]. These studies suggest that
one copy of Tyr402His polymorphism aggravates AMD by a factor of 2.1 to 4.6 and that
two copies might increase the risk of AMD by a factor of 3.3 to 7.7. There are certain
modifiable lifestyle risk factors for AMD including smoking [43], obesity, hypertension,
high dietary intake of fats and low intake of anti-oxidants [44, 45]. It’s been reported that
smokers, both active and passive, are twice as prone to wet AMD when compared to non-
smokers [43]. Other minor (secondary) risk factors associated with AMD include

arteriolar sclerosis, angina, stroke and heart attack [2].

1.6 Pathogeneses

The neo-vascular AMD, also known as wet AMD, is characterized by the formation of
subretinal choroidal neovascularization (CNV) and is the main cause of vision loss
among elderly [8, 46]. CNV is a type of angiogenesis, which involves the process of
formation of new blood vessels from the choroid into the subretinal pigment epithelium.
It is an important pathogenic process in both benign and malignant diseases. Many
markers can influence the process of CNV, which can either have a stimulatory or
inhibitory effects. Stimulatory factors for CNV include VEGF, nitric oxide (NO),
integrins: a5bl, avb3 and avb5, transforming growth factor beta 1 (TGFbl) and its

receptors growth factors: acidic fibroblast growth factor (aFGF), basic fibroblast growth

11



factor (bFGF), hepatocyte growth factor (HGF), insulin-like growth factor I (IGF-I),
platelet-derived growth factor (PDGF), epidermal growth factor (EGF), hypoxia-
inducible factor 1 alpha (HIF-1a), IL- 8, IL-1, prostaglandin (PGE 1, PGE 2, PGF),
erythropoietin, histamine, bradykinin, tumor necrosis factor alpha (TNFa).
Proangiogenic factors including VEGF-A and Placental growth factor (PDGF) are

constantly upregulated during the process of CNV.

Under normal conditions, the endothelial cells present in the retinal blood vessels, resist
the neovascular stimuli, which results in decreased endothelial cell proliferation. This is
due to the presence of balance between pro-angiogenic (VEGF) and anti-angiogenesis
factors (PEGF). Disturbance of the balance stimulates the pro-angiogenic factor over
anti-angiogenesis leads to CNV [47-49]. The pathogenesis of AMD can be explained by

HIF-1a regulated and inflammatory mediated pathways (Figure 3).
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Figure 3: Pathogenesis of AMD

1.6.1 HIF-1co regulated AMD

HIF is an oxygen dependent transcription factor. Studies indicate that hypoxia initiates

HIF-1 which further induces the transcription of more than 70 genes. This in turn

mediates angiogenesis, cell proliferation/survival and glucose/iron metabolism [50, 51].

HIF has a heterodimeric structure composed of an oxygen labile a subunit and a stable p

subunit. Three different isoforms of the o subunit exist, the HIF-1a being most widely

studied. Oxygen plays a significant role in the stability of HIF-la. Under normoxic

conditions, HIF-1a is hydroxylated by proline hydroxylase enzyme (PHD), which results

in degradation of HIF-1a In hypoxic conditions, the hydrolysis of proline residues are

inhibited, therefore, HIF-1a escapes degradation and gets accumulated in the cytoplasm
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[51]. Accumulated HIF-la translocates to the nucleus and acts as a regulator of
transcription for VEGF. VEGF plays an important role in the formation of new blood
vessels and also increases vascular hyper permeability. It is involved in several
components of angiogenesis including endothelial cell proliferation, survival and

migration [52].

In AMD, age related changes in various structures such as RPE cells, Bruch’s membrane
and choriocapillaris, leads to oxygen deficiency in the rods and cones of the neural retina.
Therefore, hypoxia is one of the driving factors for neovascularization which eventually
results in the overexpression of VEGF [53]. Another factor involved in increasing the
expression of VEGF is the level of reactive oxygen species (ROS). High levels of ROS
including free radicals, singlet oxygen, hydrogen peroxide increase the accumulation of
HIF-1a, thereby increasing VEGF [54]. The resulting ROS causes damage to the
lysosomal membranes of the senescent RPE cells, which decreases their ability to remove
the metabolites released from rods and cones. This usually results in the accumulation of
a granular pigment called, lipofuscin [9]. A higher level of lipofuscin increases the
phagocytic and metabolic load on the macular RPE, which causes damage to the
photoreceptors [55]. Many fluorophores were isolated from lipofuscin. Pyridinium
bisretinoid A2E is one of the fluorophores, that is associated with the induction of
undesirable effects, including apoptosis in RPE cells, inhibition of essential lysosomal
transporters, phagocytosis, loss of membrane integrity, disruption of mitochondrial
function, activation of complement pathways and oxidative stress. Based on the clinical

correlation between the progression of dry AMD and accumulation of A2E, inhibition of
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A2E production seems to be a potential treatment strategy for AMD [56]. Current
research is focused on determining ways to inhibit transcriptional HIF-1o which leads to
the down regulation of VEGF expression and consequently inhibits the occurrence of

choroid neovascularization [51, 57].

1.6.2 Inflammation mediated AMD

AMD is not considered a classic inflammatory disease, but inflammation has a significant
role in pathogenesis and progression of AMD. Studies indicate that innate immunity and
autoimmune components like complement factor, chemokines, cytokines, macrophages,
and microglia are strongly associated in the development of AMD. It has been reported
that macrophages and giant cells localize near drusen deposits in the CNV membrane and
at the breakdown of Bruch’s membrane. Macrophages-derived cytokines TNF-a and IL-1
are found to induce the expression of intracellular adhesion molecule-1 (ICAM-1) in RPE
and vascular endothelial cells, thereby inducing additional inflammatory cell infiltration.
Macrophages also induce proliferation and migration of endothelial cells by cytokines,
which hastens the process of angiogenesis and CNV [58]. In addition, microglial cells of
the retina are also involved in the pathogenesis of AMD. The main role of microglial
cells is phagocytosis. Under conditions of retinal injury and degeneration, these cells are
activated and localize in outer and sub retinal regions. Activated microglial cells produce
various proinflammatory cytokines and chemokines, which create neurotoxic

environment resulting in AMD [59].

1.7 Diagnosis

Routine eye examination might help in discovering the early signs of AMD, which
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increases the opportunity of having better management. Patients with unilateral exudative
and non-exudative AMD in either one or both eyes generally do not present any
complaints and may be detected in a routine eye examination. Symptomatic patients with
dry AMD present symptoms of blurred vision that requires magnifying lenses or brighter
light conditions to help them with their daily activities. Vision loss might be more severe
in patients with advanced dry AMD. Patients experience difficulty in reading an entire
line of small print or entire letter of a large print because of the central and paracentral
scotomas. Significant influence on daily activities, especially in low light conditions is
generally observed. On the other hand, patients with wet AMD patients present distorted
vision with wavy lines, rapid onset of vision loss, central or paraentral scotomas or they

might not notice any changes [60-62].

1.7.1 Amsler Grid

Amsler Grid is a diagnostic tool used by ophthalmologists to detect any problems
resulting from damage to the macula, as seen in AMD or other eye diseases. This test can
be self-administered by patients and does not need a clinical setting. The grid should be
kept at the same distance as any other reading material. The dot present at the center of
the grid should be focused upon, using one of the eyes. The test needs to be done for both
eyes and the lines should appear straight. All intersections should form right angles and
all the squares should be identical in size. Any irregularity should be reported to the

ophthalmologist immediately [63].
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Figure 4: Amsler grid
Adapted from “Amsler Grid: Test for Macular Degeneration or Other Vision
Problems,” by L. Segre, 2014, Retrieved from
http://www.allaboutvision.com/conditions/amsler-grid.htm

1.7.2 Optical coherent tomography (OCT)

OCT is a new diagnostic imaging technique that produces cross-sectional images of the
eye, similar to the ones obtained using ultrasound. It is a non-contact, noninvasive
technique that produces higher resolution in the posterior part of the eye [64]. In addition,
the success of OCT in imaging the anterior [65] and posterior [66] segments of the
human eye is well established. Studies proved that OCT has the capability of evaluating
vitreoretinal interface, quantifying retinal thickness in macular edema and subretinal fluid
accumulation and measuring retinal nerve fiber layer thickness in patients with a variety
of muscular diseases and glaucoma [64]. Hee et al. studied the use of OCT for imaging

eyes in patients with exudative and non-exudative AMD. They found that OCT was
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successful in assessing and monitoring CNV before and after laser photocoagulation;

however, it was unable to detect CNV beneath pigment epithelial detachment [64].

1.7.3 Fundus Fluorescein Angiography (FFA) and Indocyanine Green (ICG):

Fundus Fluorescein Angiography and Indocyanine Green tests involve the use of non-
radioactive dyes, fluorescein and Indocyanine Green. After the pupils are dilated using
eye drops, the dyes are usually injected into the vein of the patient’s arm. The dye, then
circulates in the blood stream and reaches the blood vessels in the eye. Photographs of the
retina and choroid blood vessels are taken and any case of abnormality can be easily
detected from the pictures. FFA works best in examining any abnormalities in the retina
blood vessel, but in some occasions does not visualize the choroidal blood vessels
properly. Therefore, ICG is used in conjunction with or without FFA to visualize choroid

blood vessels [67, 68].
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1.8 Management of AMD

1.8.1 Ocular Photodynamic Therapy (OPT)

Ocular photodynamic therapy is another type of antiangiogenic treatment which involves
the administration of photosensitive dye verteporfin (Visudyne, Novartis) and is activated
by 689 nm laser beam. This dye, then accumulates in the newer blood vessels and causes
a photochemical reaction that result in localized choroid neovascular thrombosis.
However, this therapy is less efficacious as monotherapy and showed infrequent side
effects such as extravasation of the dye at the injection site, photosensitivity and back

pain [42].

1.8.2 Argon-laser photocoagulation therapy

Argon-laser photocoagulation therapy is another method used for managing choroidal
neovasculature stretched over more than 200um from the center of the macula. This is
therapy is used less commonly as it can create large retinal scars, which results in

permanent visual loss [42].

1.8.3 Anti-angiogenic therapy

Intravitreal anti-angiogenic therapy is currently the primary therapy for wet AMD. The
localized treatment provides an advantage of bypassing systemic circulation and thereby
preventing systemic side effects of anti-angiogenic agents. However, these intravitreal
injections on rare occasions present serious adverse effects, including endophthalmitis,

retinal detachment, intra-ocular hemorrhage, increased intraocular pressure and
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anaphylaxis [69]. On the other hand, systemic anti-VEGF therapies are associated with
serious side effects such as thromboembolic events and death [70]. The first intravitreal
agent approved by FDA is pegaptanib sodium (Macugen, OSI Pharmaceuticals). It binds
to the 165 isoform of VEGF and thereby inhibits CNV. However, it is no longer used due
to limited visual improvement in patients with neovascular AMD [71]. Currently,
intravitreal ranibizumab (Lucentis”, Genentech) and bevacizumab (Avastin®, Genentech)
are the most commonly used anti-angiogenic agents. Ranibizumab, a humanized
monoclonal antibody acts by inhibiting the VEGF activity. A clinical trial conducted on
240 patients showed an improved vision rate of 90% with 0.5 mg of ranibizumab
administered every 28 days [72]. No severe ocular side effects have been reported with
ranibizumab, but on rare occasions causes endophthalmitis and uveitis [73]. Bevacizumab
is another monoclonal antibody that binds to various isoforms of VEGF. It is primarily
used as an anticancer agent, but has also shown to be significant in treating wet AMD.
Studies indicate that intravitreal bevacizumab used at a dose of 1.25 mg every 28 days
[72] presented a significant improvement in visual acuity comparable to that of
ranibizumab [74, 75]. A single intravitreal dose of ranibizumab costs around $1950 when
compared to $30 for bevacizumab. Off-label use of bevacizumab in treating neovascular
AMD continues to grow because of the cost difference in comparison to ranibizumab.
The comparative efficacy of these two drugs has been studied in a multicenter,
randomized trial in 1208 wet AMD patients for 1 year. Both of the drugs showed a
similar improvement in visual activity [72]. Another recently approved drug for treating
wet AMD is Aflibercept (Regeneron/Bayer). It is an engineered protein that acts by

binding and inhibiting VEGF. Clinical trials showed a comparable efficacy between
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aflibercept and ranibizumab in stabilizing vision over one year [8]. The recommended
dose of Aflibercept” is 2 mg monthly for the first 3 months, followed by 2 mg once every

2 months [76].

1.8.4 Newer research

Newer screening methods for detecting AMD are currently under development. Recently,
an automated detection system from the signs of retinal photographs for AMD was tested.
The method proved to be sensitive with a specificity rate of 75% [8]. A focus on
improvising anti-VEGF treatment protocols are being done to reduce the frequency of
intravitreal injections. Another approach to target a multifactorial disease like wet AMD
would be combination therapy. However, recent studies indicate that the combination of
photodynamic therapy with ranibizumab could only result in minor visual improvements
[8]. Topical therapy for treating wet AMD is underway. Pazopanib, a tyrosine kinsase
inhibitor, is currently used as oral anti-angiogenic drug for renal cell cancer. Phase 2
trials of pazopanib showed an improvement in the visual acuity in neovascular patients
after 29 days of topical application [77]. OT-551 is another topical agent that acts by
targeting NF-kB pathway and thereby inhibiting angiogenesis. Phase 2 trials with topical
OT-551 showed moderate improvement in visual stabilization in geographic atrophy
[78]. Radiation therapy is another area that is being investigated. Low dose of radiation
usually targets the rapidly dividing cells of vascular endothelium in the neovascular
complex. The major limitation with the use of radiation therapy is radiation retinopathy.
Recently, radiation therapy using epiretinal strontium-90 has been tested in 19 wet AMD
patients. After 3 years of treatment, 90% of the patients’ experienced visual stabilization

and improvement in their visual acuity with no adverse radiation related events[8].
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Novel therapies in clinical trials for wet AMD

Drug Dosage Clinical | Mode of action Purpose Ref.
Form/route of | Trial
administration | Phase
Pegpleranib sodium | Intravitreal Phase III | Blocks platelet derived growth factor | Evaluating the use of Fovista™ | [79]
(Fovista™) injection (PDGF) in combination with other anti-
VEGF agent in treating wet
AMD.
Squalamine Eye Drops Phase III | Anti-angiogenic agent that inhibits | Evaluating the  efficacy of | [80]
(OHR-102) multiple growth factors and pathways | Squalamine in treating wet
implicated during the process of | AMD
angiogenic process, including VEGEF,
PDGF, and basic fibroblast growth
factor (bFGF).
X-82 Pills Phase I | Targets and inhibit growth factors, | Evaluating the efficacy of X-82 | [81]
including, VEGF and PDGF in treating wet AMD
PAN-90806 Eye drops Phase I Selectively targets and inhibit VEGF Evaluating the efficacy of | [82]
PAN-90806 in treating wet
AMD, diabetic retinopathy, and
DME.
RO6867461 Intravitreal Phase I | Acts by specific anti-VEGF and anti- | Evaluating the  efficacy of | [83]
injection angiopoietin-2 properties RO6867461 in treating wet
AMD
REGN2176-3 Intravitreal Phase I | Acts by inhibiting VEGF and PDGFRp | Evaluating the  efficacy of | [84]
injection REGN2176-3 in treating newly
diagnosed wet AMD
PF-655 Intravitreal Phase Modified siRNA that inhibits the | Evaluating the use of PF-655 in | [85]
(REDD14NP or | injection I/la expression of hypoxia-inducible factor | treating CNV and DME
RTP8011) 1-responsive gene, RTP801.

22




Chapter 2

Tanshinone I1A

Tanshinone IIA is an active compound isolated from Salvia miltiorrhiza. Recent
studies indicate the use of Tanshinone IIA in treating cancer [86]. The antitumor
activity of Tanshinone IIA includes: increasing apoptosis in advanced cervix
carcinoma (CaSki) cells; suppressing the formation of new blood vessels in human
colorectal cancer; and inhibition of epidermal growth factor in hepatocellular
carcinoma cell and suppressing Sat3 in breast cancer [87]. Tanshinone IIA has also
been widely used for various cardiovascular and cerebrovascular disorders and
recognized as a natural monoacylglycerol lipase inhibitor with an IC50 value of 48
nM [88]. However, Tanshinone IIA has low bioavailability due of its poor water

solubility.
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Figure 5: Chemical structure of Tanshinone ITA (PubChem CID: 1646)
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2.1. Potential use of Tanshinone IIA in wet AMD:

Vascular endothelial growth factor (VEGF) plays an important role in the angiogenesis
process and is one of the major pathways resulting in AMD. The expression of VEGF is
mainly regulated by HIF-1la. A drug that has the ability to inhibit this process might be
successful in treating various retinal diseases that involves neovascularization [89]. The
drugs currently available in the market for treating wet AMD include Ranibizumab®,
Bevacizumab® and Aflibercept”. These anti-VEGF agents target and inhibit VEGF and
thus prevent angiogenesis. Nevertheless, delivery of these drugs to the posterior eye is
challenging, as wet AMD treatment requires delivery of drugs to the choroid and retina,
which are relatively inaccessible to conventional eye drops. Currently, these drugs are
administered via implants and intravitreal injections, which are highly invasive and

associated with patient non-compliance.

In an attempt to enhance patient compliance, the focus of research has shifted to the
development of novel small molecules that could be delivered via less invasive
(periocular administration) or non-invasive (topical administration) routes. The current
work intends to study the effect of Tanshinone IIA in reducing the expression of VEGF
and HIF-lo in human retinal epithelial (ARPE-19) cells. We hypothesize that
Tanshinone IIA might be a potential candidate for treating AMD based on the recent
literature demonstrating the ability of Tanshinone IIA in down regulating both VEGF and
HIF-1a in various cancer cell lines [90]. In this work, we tested the cytotoxicity of
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Tanshinone ITA in human retinal epithelial cells (ARPE-19) and corneal endothelial cells
by MTT assay. The effect of Tanshinone IIA in reducing the expression of VEGF and
HIF-1a was studied using Western blot and ELISA. To our knowledge, this is the first
evidence that demonstrates the ability of Tanshinone IIA in treating wet AMD. Further
studies are being conducted to design a topical eye drop formulation of Tanshinone IIA

for treating wet AMD.
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Chapter 3

Tanshinone IIA Inhibits VEGF Secretion and HIF-la Expression in
Cultured Human Retinal Pigment Epithelial Cells under Hypoxia

3.1.Abstract:
Purpose: The current work intends to study the activity of tanshinone IIA on secretion of
VEGF and expression of HIF-la in human retinal pigment epithelial cells (ARPE-19

cells) under hypoxic condition.

Methods: The cytotoxicity of Tanshinone IIA was tested in ARPE-19 and bovine corneal
endothelial cells by MTT assay. ARPE-19 cells were incubated with different
concentrations of cobalt chloride (100, 150, and 200 uM) for 12 hours and levels of
expressed HIF-1o and secreted VEGF were quantified through Western blot and ELISA,
respectively. Further, ARPE-19 cells were pretreated for one hour with different
concentrations of Tanshinone IIA (5, 10, 15 and 18 uM). After one hour, the cells were
subjected to hypoxic condition using 150 uM cobalt chloride for 12 hours in the presence
and absence of Tanshinone IIA. The cells were then harvested and the secreted VEGF

and expressed HIF-1a was studied.
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Results: Tanshinone ITA at concentrations 5, 10, 15 and 18 uM did not show cytotoxicity
in both ARPE-19 and bovine corneal endothelial cells. Chemical hypoxia induced by
cobalt chloride caused a significant increase in VEGF level in a dose dependent manner
and HIF-lo expression peaked at 150 pM. Based on the data, cobalt chloride
concentration was maintained at 150 uM for further studies. Tanshinone IIA decreased
the level of HIF-1a and VEGF secretion in a dose dependent manner under hypoxic

condition.

Conclusion: This study is the first report on the effects of Tanshinone IIA on VEGF
secretion and HIF-1a level in ARPE-19 cells. Tanshinone IIA could be a potential new

treatment option for wet AMD.
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3.2.Introduction:

Age-related macular degeneration (AMD) is an acquired, irreversible, multifactorial
neurodegenerative disease characterized by progressive deterioration of retinal
photoreceptors and retinal pigment epithelium (RPE) and thickening of Bruch’s
membrane (BM). AMD also affects choriocapillaris predominantly in the macular region
of the retina, resulting in the loss of central vision [1-6]. It has been reported that AMD is
the main cause of central vision loss in individuals over 50 years in developed countries.
The percentage of affected people with AMD is 10% of those older than 65 years and
more than 25% of those older than 75 years [1]. Based on 2010 statistics obtained from
the National Eye Institute, the prevalence of AMD is higher in women (65%) when
compared to men (35%). Also, a majority of AMD cases was observed among the white
Americans (89%) compared to the black and Hispanic populations (8%). According to
statistical studies from 2000-2010, the number of people in the United States diagnosed
with AMD increased from 1.75 to 2.01 million, and it is expected to rise by more than

double (approximately 5.44 million) by the end of 2050 [7].

The etiology of the AMD is unknown [12], however, genetic variants, environmental and
life-style factors are responsible for causing this disease. Wet AMD is the severe form of
AMD, which is characterized by choroidal neovascularization (CNV) resulting in the
growth of abnormal blood vessels from the choroid beneath the macula. The abnormal
growth of blood vessels leaks fluids, lipids and blood into the retina eventually resulting
in a fibrous scar, leading to permanent loss of central vision [8]. The retina is considered

as the most metabolically active tissue that consumes more oxygen compared to the other
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body tissues by weight [91]. Therefore, a deficiency in oxygen level plays a major role in
angiogenesis that cause most of sight threatening diseases such as diabetic retinopathy

(DR) and AMD [92, 93].

HIF is an oxygen dependent transcription factor. It has been reported in many studies that
hypoxia initiates HIF-1a which further induces the transcription of more than 70 genes
that mediate angiogenesis, cell proliferation/survival and glucose/iron metabolism [50,
51]. Oxygen is the predominant controller of HIF-loaw stability. Under normoxic
conditions, HIF-1a is hydroxylated by a proline hydroxylase enzyme (PHD), which
results in degradation of HIF-la. Under hypoxic conditions, the hydrolysis of proline
residues are inhibited, therefore, HIF-1a does not degrade and gets accumulated in the
cytoplasm [51]. Accumulated HIF-1a translocates to the nucleus and acts as a regulator
of transcription for VEGF. Studies indicate that VEGF is a predominant protein that
promotes the formation of new blood vessels [94] and also increases vascular hyper
permeability [52]. In AMD, age related changes in RPE cells, Bruch’s membrane and
choriocapillaris, leads to oxygen deficiency in the rods and cones of the neural retina.
Therefore, hypoxia is one of the driving factors for neovascularization which eventually

results in the overexpression of VEGF [53].

Tanshinone IIA is a popular drug used in China for treating cardiovascular diseases, and
it has successfully completed a phase Il clinical trial in the US (ClinicalTrials.gov
identifier NCT00797953). Tanshinone IIA is well-known for its antioxidant [95], anti-

angiogenic [95], and anti-inflammatory [96] properties. It exhibits its antioxidant
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property by inhibiting the association of lipid peroxidation products with DNA [95]. The
anticancer activity of Tanshinone IIA has been tested on a variety of tumor cells,
including vascular endothelial cells [97] leukemia [98], lung cancer [99], breast cancer
[100], gastric cancer [101], prostate cancer [102], and liver cancer [103]. Although the
anti-angiogenic mechanism of Tanshinone IIA is not fully understood, several
characteristics of this drug such as the inhibition of VEGF, HIF-la, c-Myc, and
angiogenic differentiation have been elucidated. Despite these interesting findings, the

effect of Tanshinone IIA on treating wet AMD remains largely unknown.

The current work intends to study the effect of Tanshinone IIA in reducing the expression
of VEGF and HIF-1a in human retinal epithelial cells (ARPE-19). We hypothesized that
Tanshinone ITA might be a potential candidate for treating wet AMD based on the recent
literature demonstrating the ability of Tanshinone IIA in down regulating both VEGF and
HIF-1a in various cancer cell lines [90]. In this work, we tested the cytotoxicity of
Tanshinone ITA in human retinal epithelial cells (ARPE-19) and corneal endothelial cells
by MTT assay. The effect of Tanshinone IIA in reducing the secretion of VEGF and
expression of HIF-1a was studied using ELISA and Western Blot, respectively. To our
knowledge, this is the first evidence which demonstrates the ability of Tanshinone IIA in

treating wet AMD.
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3.3.Materials

Tanshinone IIA (catalog #: sc-200932) was obtained from Santa Cruz (Dallas, TX),
ARPE-19 cell line (ATCC® CRL-2302™) was obtained from American Type Culture
Collection (Manassas, VA), Dulbecco’s Modified Eagle Medium F-12 (1:1 mix)
(DMEM/F-12) (catalog No. 12-719F) was obtained from Lonza (Atlanta, GA). Fetal
Bovine Serum (lot #: FB-004) was obtained from Fisher scientific (Pittsburgh, PA),
Penicillin/Streptomycin solution (lot #: J130006) was obtained from Hyclone, and 1X
trypsin-EDTA (lot #: C2030) was obtained from MP Biomedicals (Santa Ana, CA).
Hemocytometer (catalog # 0267110) was obtained from Fisher Scientific (Pittsburgh,
PA). 6 well plates (catalog #: 657160), 60 mm plates (lot #: F141036T) and 96 well
plates (catalog #: 657160) were procured from Fisher Scientific (Pittsburgh, PA). Greiner
bio-one MTT cell proliferation assay kit (catalog #: 4890-25-01), was obtained from
Trevigen, Dimethyl Sulfoxide (lot #: 100508) was obtained from Fisher Scientific
(Pittsburgh, PA). Protease inhibitors cocktail (lot #: 095M4022V), sodium orthvoandate
(lot #: MKBP8646V), sodium pyrophosphate (Batch #: 020M0057), sodium fluoride (lot
#: 089K 0029), phenylmethylsulfonyl fluoride (PMSF) (lot #: BCBB3770), Igepal CA630
(NP-40) (I3021-50ML) were obtained from Sigma Aldrich (St. Louis, MO). Bio-Rad
Protein Assay Dye Reagent concentrate (catalog #:5000006), 30% Acrylamide/Bis
Solution 37.5:1 (catalog #: 161-0158), 4X Laemmli Sample Buffer (catalog #: 161-0747)
were obtained from Bio Rad (Hercules, California). Immobilon-FL. PVDF membrane

Millipore (catalog # IPFL00010) was obtained from EMD, dry non-fat milk (Lot #
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12037, Cat # M0841), was obtained from lab scientific. VEGF antibody (catalog #: sc-
507) and HIF-1a antibody (catalog #: H-206) were obtained from Santa Cruz (Dallas,
TX). Clarity western ECL substrate (catalog #: 170-5060) was obtained from Bio Rad
(Hercules, California) and Human VEGF Elisa Kit (lot #: 1610564A) was obtained from

Invitrogen (Carlsbad, CA).

3.4.Methods

3.4.1. Cell Culture

Human Retinal Pigment Epithelial cells (ARPE-19 cells)

Arising ARPE-19 cells were cultured in 1:1 mixture of DMEM/F-12 50/50 mixed with L-
glutamine and 15 mM HEPES. The medium was also supplied with 10% fetal bovine
serum, 100 U/ml penicillin and 100 ug/ml streptomycin. The cells were cultured at 37°C
with 5% CO,. The cells were subcultured every 3-5 days and the medium was changed 2-

3 times a week.

Bovine corneal endothelial cells

Corneal endothelial cells were harvested from bovine eyes corneas that were obtained
from Kastel's Slaughter House & Processing Center (Riga, MI). The corneal cells were
harvested according to the protocol mentioned in MacCallum Lillie et al. [104] with some
modifications. Briefly, the procured eyes were covered by Kim-wipes wetted with
chlortetracycline (50 ug/ml) for 15 minutes. The endothelial surface of the harvested
corneas was covered with DMEM/F-12 for an hour. Then the medium was removed and
the endothelial surface was covered by trypsin-EDTA and incubated for 5-10 minutes at

37°C in an incubator. The endothelial surface was gently rubbed with a cell culture
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scraper to detach the endothelial cells. The harvested cells were centrifuged at 1500 rpm.
Finally, the cells were plated in a 60mm petri dish. The medium was changed 2-3 times a

week. The cells were confluent after almost a month.

3.4.2. Preparation of Tanshinone IIA stock solution

Tanshinone ITA was dissolved in DMSO to produce a stock solution of concentration 10
mM. The stock solution was further diluted with a sterile cell culture medium to obtain

concentrations of 5, 10, 15 and18 uM.

3.4.3. Cytotoxicity assay

Cell viability was assessed in ARPE-19 and bovine corneal endothelial cells using the 3-
(4,5-dimethyl-2- thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Briefly,
cells were seeded in 96-well plates at a density of 10,000 cells/well and incubated at 37°C
in a 5% CO, environment for 24 hours to assist cell attachment. Cells were then exposed
to various concentrations of Tanshinone IIA with and without cobalt chloride (150 uM)
for 12 and 24 hours respectively. The medium was later aspirated and the cells were
incubated with MTT reagent for 3 hours in 5% CO, at 37°C. The yellow medium was
aspirated, and 150 pl of 100% DMSO was added to each well to allow dissolution of the
formazan salt formed. The viable cells were quantified by measuring the absorbance at

570 nm.
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3.4.4. Effects of hypoxia on HIF-1o. release and VEGF secretion

The levels of expressed HIF-1aw and secreted VEGF were quantified through Western
blot and ELISA, respectively. The cells were incubated with different concentrations of
cobalt chloride (100, 150, and 200 uM) for 12 hours. The medium was collected and the
secreted VEGF was quantified via ELISA and HIF-1a expression was quantified using

Western blot.

3.4.5. Enzyme-linked immunosorbent assay (ELISA)

The amount of secreted VEGF into the medium after exposing ARPE-19 cells to hypoxic
conditions was measured using a sandwich ELISA following the manufacturer’s
instructions. Briefly, the standard (100 ul) and sample (50 ul) were added to a 96 well
plate pre-coated with a polyclonal antibody specific for human VEGF for 2 hours. Later,
the used wells were washed four times with washing buffer to remove unbounded
antigen, followed by the addition of 100 ul of biotinylated Hu VEGF (Biotin Conjugate)
solution for 1 hour. Excess biotinylated Hu VEGF was removed by washing for 4 times
followed by the addition of 100 ul streptavidin-HRP and incubation for 30 minutes
followed by washing for 4 times. One hundred microliters of chromogen was added to
each well and incubated for 30 minutes, followed by the addition of 100 ul of stop
solution (0.16M sulfuric acid). The level of Hu VEGF was quantified by measuring the

absorbance at 450 nm using the Synergy H'plate spectrophotometer (Biotek, VT)
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3.4.6. Western Blot

The cell extracts were obtained as described by Dimauro et al. [105] with some
modifications. Briefly, after exposing ARPE-19 to hypoxic condition with and without
Tanshinone ITA for 12 hours, cells were washed three times with PBS and harvested
using ice-cold lysis buffer containing 20 mM HEPES (pH 7.5), 1.5 mM MgCl,, 10 mM
KCIL, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 50 mM NaF, 10 mM Na vanadate,
20 mM Na pyrophosphate and protease inhibitor. Cell homogenates were kept in ice for
15 minutes and vortexed every 5 minutes and then centrifuged at 14,000 rpm for 15
minutes. The supernatant was collected. Protein concentrations were quantified using
Bradford reagent (Bio-Rad Laboratories, CA). The samples were boiled for 5 minutes
and then the equivalent amount of protein (20ug/lane) was loaded in 12 % SDS
polyacrylamide gels. The protein was then transferred to a polyvinylidene difluoride
(PVDF) membrane. The membrane was kept for one hour in blocking buffer (1X PBS
and 5% powdered dry non-fat milk) at room temperature followed by the addition of
primary antibody, rabbit anti-HIF-1o (1:500), and rabbit-anti GAPDH (1:2000) and kept
overnight at 4°C. Later, the blots were washed and incubated with horseradish
peroxidase (HRP) conjugated with a goat anti-rabbit secondary antibody (1:2000)
(Jackson ImmunoResearch, PA) for one hour at room temperature. Protein levels were

quantified by using a ChemiDoc XRS chemiluminescence (Bio Rad, CA).
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3.4.7. Treatment of ARPE-19 with tanshinone I1A

ARPE-19 cells were pretreated for one hour with different concentration of Tanshinone
ITA (5, 10, 15 and 18 uM). After one hour, the cells were subjected to normoxic
condition and hypoxic condition using 150 uM cobalt chloride for 12 hours in the
presence and absence of Tanshinone IIA. The cells were then harvested and the secreted

and expressed protein was studied using Western blot and ELISA.

3.5.Results

3.5.1. Cytotoxicity assay

The MTT assay was carried out to examine the possible cytotoxicity of Tanshinone 1A
on bovine corneal endothelial cells and ARPE-19. The cytotoxicity of a wide range of
Tanshinone ITA concentrations (5, 10, 15, 18, 20, 25 and 30 uM) were tested with and
without cobalt chloride for 12 and 24 hours respectively. After 12 hours of incubation,
the concentrations 25 and 30 uM were found to significantly (P<0.05) cytotoxic in
ARPE-19 cells (Fig. 6A and 6B) and 20 uM showed cytotoxicity after 24 hours. Lower
drug concentrations such as 5, 10, 15 and 18 uM did not show any cytotoxicity in ARPE-
19 cells for up to 24 hours and the morphology of remained same after the incubation
period (Fig. 7). Similar results were obtained in bovine corneal endothelial cells for 24
hours and concentrations above 20 uM were found to be cytotoxic (P<0.05) as shown in

figure 8. Tanshinone ITA concentration less than 20 uM was used in further studies.
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Figure 6: Viability of ARPE-19 cells after exposure to various concentrations of
Tanshinone ITA. (A) After 12 hours of exposure, (B) After 24 hours of exposure, (C)
After 12 hours in the presence of cobalt chloride (150 uM). Data are expressed as mean +
standard error of the mean (SEM). n=3, *P < (.05,
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Figure 7: Morphology of ARPE-19 cells after exposure to various concentrations of Tanshinone IIA for 24 hours.
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Figure 8: Viability of bovine corneal endothelial cells after being exposed to various
concentrations of Tanshinone ITA for 24 hours. Data are expressed as mean +
standard error of the mean (SEM). n=3, *P < 0.05.

41



3.5.2. Effect of hypoxia on secretion of VEGF in ARPE-19 cells

Secretion of VEGF in ARPE-19 cells under normoxia and hypoxia was studied using
ELISA. Chemical hypoxia induced by cobalt chloride at concentrations of 100, 150 and
200 uM caused a significant increase in VEGF level in a dose dependent manner (P =
0.039, 0.021 and 0.012, respectively). The highest secretion of VEGF was at 200 uM of

cobalt chloride which was 1.9 folds compared to normoxic cells (Figure 9).

*
* * I

Normoxia 100 uM 150 uM 200 uM

Percent VEGF secretion
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Figure 9: Secretion of VEGF under normoxic and hypoxic conditions in ARPE-19 cells
after exposure to different concentration of cobalt chloride. Data expressed as mean +
standard error of the mean (SEM), (n=2). *P<0.05.
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3.5.3. Effect of hypoxia on HIF-1a expression in ARPE-19 cells

The level of HIF-1a was studied in normoxic and hypoxic conditions in ARPE-19 cells.
Cobalt chloride at 100, 150 and 200 uM concentrations increased the level of HIF-1a by
7, 8, and 6 folds respectively as observed in figures 10 and 11. Based on the data, cobalt

chloride concentration was maintained at 150 uM for further studies.

| l

Normoxia 100 150 200

& }' .l‘ “‘
HIF-1a '
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Figure 10: Immunoblot analysis showing the protein expression of HIF-1a in ARPE-19
cells
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Figure 11: The levels of HIF-1a expression after application of different concentrations
of cobalt chloride in ;A;RPE-19 cells. Data are expressed as mean + standard error of the
mean (SEM), (n=3). P<0.05
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3.5.4. Effect of Tanshinone I1A on expression of HIF-1a and secretion of VEGF in

hypoxic ARPE-19 cells

Western blot and ELISA were performed to determine the expression of HIF-1a and the
secreted VEGF after exposure to different concentrations of Tanshinone IIA. ARPE-19
cells were cultured in hypoxic condition (150 uM concentration of cobalt chloride) for 12
hours with and without Tanshinone IIA. After 12 hours, the VEGF level in the culture
medium was determined via ELISA, while HIF-la protein was extracted,
electrophoresed and detected via Western blot. The level of HIF-1a under normoxic
condition was negligible. After 12 hours, hypoxic condition elevated the levels of HIF-1a
almost 6 folds compared to normoxic condition. The level of HIF-1a started to decrease
in a dose dependent manner with Tanshinone IIA as observed in figure 12. The exposure
of ARPE-19 cells to 150 uM cobalt chloride stabilized the expression HIF-la and
Tanshinone IIA in hypoxic condition facilitated the degradation of HIF-1la which can

also be observed in figure 13.

The secreted VEGF level was analyzed using ELISA. Under hypoxic condition, the
secreted VEGF was increased 1.6 folds compared to the normoxic culture medium.
Interestingly, the level of VEGF was decreased in a dose dependent manner after
applying different concentrations of Tanshinone IIA as observed in figure 14 thus

proving the ability of Tanshinone IIA to inhibit VEGF secretion.
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Figure 13: Effect of Tanshinone IIA on the expression of HIF-1a under hypoxic
condition (150 uM concentration of cobalt chloride, CoCl,). Data are expressed as mean
+ standard error of the mean (SEM). (n=4), P<0.05, P<0.001
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Figure 14: Effect of Tanshinone IIA on secretion of VEGF in ARPE-19 cells under
hypoxic condition (150 uM concentration of cobalt chloridgzk CoCly). Data expressed as
mean + standard error of the mean (SEM), (n=2), P<0.05, P<0.001.
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3.6.Discussion

The role of Tanshinone IIA in treating wet AMD is virtually unknown, despite its
beneficial effects in treating coronary heart disease and various types of cancers. This
project seeks to investigate the anti-angiogenic effects of Tanshinone IIA in human
retinal cells. The current literature suggests that the pathogenesis of wet AMD is
complex, and no single available treatment addresses all of the contributing elements of
pathogenesis [106]. The general consensus in the literature is that attacking the disease on
multiple fronts using drugs that exhibit anti-angiogenic and anti-inflammatory properties
might produce synergistic effects, resulting in the inhibition of the pathological processes
of CNV. Because of the substantial amount of evidence suggesting the beneficial anti-
angiogenic, anti-inflammatory, and anti-oxidant properties of Tanshinone IIA, it is

logical to study the drug as a potential alternative to existing anti-VEGF agents.

Hypoxia and cobalt chloride play a major role in the activation of HIF-1a., which acts as
transcriptional regulator of angiogenesis [89, 107, 108]. Retinal hypoxia triggers the
elevation of HIF-1a. that triggers the expression of several growth factors such as VEGF
[109], platelet derived growth factor-BPDGF-B, placenta growth factor and their
receptors [110]. These induced growth factors lead to the formation of new blood vessels
(choroid new vascularization) which is the hallmark of wet AMD [8]. Angiogenesis is an
important factor that is responsible for causing wet AMD and anti-angiogenesis therapy

could play a major role in treating the disease [111].

48



Angiogenic factors in the retina are mainly released from RPE cells. ARPE-19 cell line is
commonly considered as an in vitro model for RPE cells for studying the effects of
hypoxia in RPE physiology [51, 112]. Moreover, the structural and functional characters
of ARPE-19 cells are similar to RPE cells. So, we have seclected ARPE-19 cells in the
current study. Initial studies were carried out to assess the cytotoxicity of Tanshinone IIA
in ARPE-19 cells after 12 and 24 hours exposure. Tanshinone IIA concentrations of 5,
10, 15 and 18 pM did not produce cytotoxicity in ARPE-19 cells up to 24 hours. Similar
effects were observed in bovine corneal endothelial cells. The data from the cytotoxicity
study in corneal endothelial cells will help us in identifying the toxic effects of
Tanshinone IIA on other ocular tissues. As our intention is to study the anti-angiogenic
properties of Tanshinone IIA without producing toxic effects in ARPE-19 cells,

concentrations less than 20 uM were used in further studies.

Cobalt chloride was used to induce hypoxia in ARPE-19 cells. A significant rise in the
expression levels of HIF-1a and VEGF secretion was observed in ARPE-19 cells after
12 hours exposure to 150 uM cobalt chloride solution. Expression levels of HIF-1a and
secretion of VEGF was confirmed using Western blot and ELISA, respectively. Cobalt
chloride is a well-known HIF-1la stabilizer that decreases the degradation of HIF-1a.
[113]. Cobalt chloride works as a hypoxia mimicking agent by increasing VEGF
production [114]. It is proved that HIF-la has an oxygen dependent degradation
mechanism. Under normoxic condition, HIF-lao is extensively degraded via

hydroxylation by proline hydroxylase enzyme, while under hypoxic condition o-subunit
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of HIF-1 is stabilized and readily available to bind to the B-subunit to form active
transcriptional heterodimer [115]. In our study, we observed that a change in HIF-1a
expression produced a parallel change in VEGF production. Therefore, HIF-1a is
considered an important regulatory factor of VEGF secretion under hypoxic condition.
The secreted VEGF in culture medium showed an increase in a dose dependent manner
of cobalt chloride. This result is consistent with Rosen et.al [89] who investigated the
effects of zeaxanthin on the expression and secretion of VEGF by RPE cells under

normoxic and hypoxic conditions.

Tanshinone IIA is a derivative of phenanthrene-quinone isolated from Salvia miltiorrhiza
[116, 117]. Both in vitro and in vivo studies showed Tanshinone IIA has anti-VEGF and
anti-angiogenic activity in vascular endothelial cells [95]. Tu et al. showed the ability of
Tanshinone IIA to inhibit endothelial cell proliferation, migration and the tube formation
in Human Umbilical Vein Endothelial Cells (HUVEC). The same group also revealed the
ability of Tanshinone IIA in inhibiting VEGF/VEGFR2 pathway. Tanshinone IIA also
has the ability to down regulate both CD146 and kinase insert domain receptor (KDR)
which are the starting point in VEGF signaling. Hypoxic condition plays a major role in
the activation of HIF-1a which is a regulatory factor of many angiogenesis factors [107].
Studies proved that Tanshinone IIA has the ability to inhibit expression of HIF-la in
breast cancer cells. Additionally, Tanshinone IIA can also inhibit angiogenesis process
through inhibition both HIF-la. and VEGF in breast cancer lines [90]. Hence,

Tanshinone ITA was evaluated for inhibition of HIF-1a expression and VEGF secretion
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in ARPE-19 cells as this inhibition can provide therapeutic interventions for diseases

caused by pathological neovascularization.

In the present study, Tanshinone IIA significantly inhibited the secretion of VEGF in
ARPE-19 cells line in a dose dependent manner. Studies indicate that VEGF
overexpression is one of the main factors that cause CNV in ARPE-19 cells [119]. It is
noteworthy that all FDA approved drugs in the treatment of wet AMD such as
bevacizumab, ranibizumab and pegaptanib are anti-VEGF agents [92]. Current therapies,
targeting VEGF to treat neovascular diseases such as wet AMD might have some side
effects on long term usage. It has been suggested that the drugs targeting HIF pathway
might be safer and more effective than that targeting VEGF alone [94]. When ARPE-19
cells are exposed to various concentrations of Tanshinone IIA, the overexpressed HIF-
lo. started to decrease significantly in a dose dependent manner compared to hypoxic
conditions. This study also proved the ability of Tanshinone IIA to inhibit VEGF
secretion, which could be due to inhibition of the HIF pathway that inhibits the
expression of angiogenic factors. Based on the cytotoxicity studies, it is further
understood that the changes in protein expression levels are not attributed to drug toxicity
or hypoxia. Although many inhibitors of HIF-1a are in clinical trials, Tanshinone IIA
exhibits an additional benefit with an ability to act as anti-inflammatory agent, which

might decrease the formation of drusen caused by inflammation.
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3.7.Conclusion

In summary, this study is the first report on the effects of Tanshinone IIA on HIF-1la
expression and VEGF secretion in hypoxic ARPE-19 cells. The exposure of ARPE-19
cells to various concentrations of cobalt chloride for 12 hours significantly increased the
expression of HIF-la compared to normoxic condition. Tanshinone IIA significantly
inhibited the expression of HIF-1a and secretion of VEGF in a dose dependent manner at
5, 10, 15 and 18 uM concentrations. This inhibition may reduce retinal
neovascularization which is the hallmark of wet AMD. These preliminary findings

suggest the potential of Tanshinone IIA as a promising agent in wet AMD therapy.
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