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TARGETING SOLUBLE EPOXIDE HYDROLASE TO TREAT  

CHOROIDAL NEOVASCULARIZATION 

 

Neovascular or “wet” age-related macular degeneration (nvAMD) is a leading 

cause of blindness among older adults, affecting millions of people worldwide. Choroidal 

neovascularization (CNV) is a major pathological feature of nvAMD, in which abnormal 

new blood vessel growth from the choroid leads to irreversible loss of vision. Currently, 

the effort to treat nvAMD is hampered by resistance and refractory responses to the 

current standard of anti-angiogenic care, anti-vascular endothelial growth factor 

biologics. Thus, there is a critical need to develop novel therapeutic strategies.  

Previously, we discovered an anti-angiogenic small molecule SH-11037, and 

identified soluble epoxide hydrolase (sEH) as a target of SH-11037 through a forward 

chemical genetics approach. sEH, encoded by the EPHX2 gene, is a lipid-metabolizing 

enzyme that hydrolyzes epoxy fatty acids into corresponding diols. I hypothesized that 

sEH is a key mediator of CNV. Given that the kinetic mechanism of sEH inhibition by 

SH-11037 and the cellular role of sEH in CNV are poorly understood, the objectives of 

my thesis project were to elucidate drug-target interactions through enzyme kinetics, 

investigate sEH mediated mechanisms that regulate CNV, and preclinically validate sEH 

as a therapeutic target. 

I discovered that SH-11037 is a mixed inhibitor of sEH with a binding affinity for 

both the enzyme and enzyme-substrate complex. I examined retinal spatial expression of 

sEH at both the protein and mRNA levels through immunohistochemistry and RNAscope 
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in situ hybridization and investigated the efficacy of adeno-associated virus (AAV) 

serotype 8 vector expressing shRNA against Ephx2, in the mouse laser-induced (L-) 

CNV model with features of nvAMD. My study revealed sEH protein and mRNA 

overexpression in the retinal pigment epithelium (RPE), vasculature and photoreceptors 

under the disease state. The delivery of AAV8-Ephx2 shRNA, which has tropism towards 

RPE and photoreceptor cells, significantly reduced CNV. In addition, gene expression 

analysis showed normalized Vegfc and CNV-related inflammatory markers upon sEH 

knockdown. Thus, my study demonstrated sEH overexpression in disease-relevant cell 

types, highlighted a functional role of sEH in AMD pathophysiology, and provided a 

novel context to target these cell types for developing pharmacotherapies. 
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CHAPTER 1. INTRODUCTION 

1.1 Overview 

The central region of the retina, known as the macula, is particularly crucial for 

our central vision. With aging and other contributors, this region of the retina gets 

progressively damaged, leading to permanent loss of vision. This is the 

neurodegenerative disease of the retina called age-related macular degeneration (AMD). 

Neovascular or ‘wet’ AMD (nvAMD) is a progressive form of the disease that is 

responsible for most of the blindness resulting from AMD. Neovascular AMD involves 

choroidal neovascularization (CNV), and it is a multifactorial disease for which the 

pathogenesis remains incompletely understood. Here, Chapter 1 introduction reviews the 

tissue and layers of the retina that are involved in AMD pathophysiology, types of AMD 

including nvAMD, risk factors, pathogenesis, therapy, and the role of soluble epoxide 

hydrolase in AMD, CNV, disease-relevant physiological processes such as angiogenesis 

and inflammation, and other eye diseases.  
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1.2 Anatomy of the Retina 

1.2.1 Retina 

The retina is a light-sensitive layer of tissue comprised of distinct cellular layers 

of neurons that process visual information (Figure 1.1). The photoreceptor cell bodies 

reside in the outer nuclear layer (ONL), with their inner segments (IS), and outer 

segments (OS) extending to the retinal pigment epithelium (RPE) layer. The inner 

nuclear layer (INL) contains bipolar and horizontal cells. The bipolar cells accept 

synapses from the photoreceptor cells or horizontal cells, transmitting signals to the 

ganglion cells. The ganglion cells, the final output of neurons that transmit visual 

information to the brain, are found in the ganglion cell layer (GCL) (Wright, Chakarova 

et al. 2010, Veleri, Lazar et al. 2015). In addition, retinal glial cells known as Müller cells 

span across the entire retina radially, providing structural and metabolic support for retina 

and retinal neurons (Reichenbach and Bringmann 2013). The choroid provides the blood 

supply of photoreceptors and the RPE of the outer retina. The blood supply of the inner 

retina is provided by the retinal vasculature that consists of three vascular plexuses – the 

superficial plexus in the GCL, inner and deep plexuses in the plexiform layers (Figure 

1.1) (Campbell, Zhang et al. 2017).  

Visual processing refers to the ability to perceive, analyze, and interpret visual 

information and the process involves the ability to convert light energy into visual 

imagery (Ding and Alfonso 2016). As shown in Figure 1.1, vision begins with light 

entering the eye through the cornea, then some of this light passes through the pupil. The 

iris controls how much the light passes through the pupil. Then the light passes through 

the lens, which reflects light depending its shape to focus images on the retina, a process 
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known as accommodation (Kaplan 2007). When light reaches the retina, our visual cycle 

begins, allowing conversion of photon into an electrical signal. This is mediated by visual 

pigment molecules that are highly expressed in the outer segment of rod and cone 

photoreceptor cells. These pigment molecules are G protein-coupled receptors, consist of 

opsin (differentiating photoreceptor types) attached to a retinal/retinaldehyde, which is an 

aldehyde of vitamin A. There are 4 major types of opsins absorbing photons at different 

wavelengths, including rhodopsin of rod photoreceptor cells and 3 different opsins of 

cone photoreceptor cells. The functional differences are demonstrated in their sensitivity, 

where rods are much more sensitive than cones, therefore rods are well suited for low 

light vision and cones are better with light adaptation to remain photosensitive under the 

bright light (Kefalov 2012). The electrochemical reaction following the light interaction 

with the pigment molecule is consistent: There is a conformation change from 11-cis 

retinal form, to the trans retinal, leading to GPCR signal transduction cascades that closes 

the cyclic GMP-gated cation channels, and results in hyperpolarization of the 

photoreceptor cells. Thus, light energy is captured chemically, then transduced into 

electrical energy that the brain can comprehend (Wolf 2004, Mannu 2014).  
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Figure 1.1: Structure of retina. Schematic cross-section through the human eye, 
indicating different cellular layers. The retinal vasculature that consists of three vascular 
plexuses – the superficial, inner, and deep plexuses – provides blood supply to the inner 
retina. The choroid provides blood supply to photoreceptors and RPE in the outer retina. 
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, 
photoreceptor inner segments/outer segments; RPE, retinal pigment epithelium 
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1.2.2 Choroid 

The choroid is predominantly a vascular layer of tissue composed of 

choriocapillaris in its innermost layer. The choroid is responsible for the blood supply of 

photoreceptors and the RPE in the outer retina. Due to the high metabolic demand of 

photoreceptors, the choroid serves as the major blood supply in the eye, even more so 

than retinal vasculature and choroid is one of the most vascularized tissues in the body by 

weight (Nickla and Wallman 2010). 

1.2.3 Macula  

The macula is in the center of the retina, temporal to the optic nerve (Figure 1). It 

comprises only 4% of the retina. Still, it is responsible for central and color vision 

because the fovea, which lies within the center of the macula, contains the highest density 

of specialized neurons, light-sensitive cone photoreceptor cells. Therefore, damage in this 

region accounts for devastating loss of visual function (Hageman, Gehrs et al. 1995). 

1.2.4 Retinal Pigment Epithelium 

The retinal pigment epithelium (RPE) is a monolayer of pigmented cells 

between choroidal blood vessels and the avascular photoreceptor layer (Hageman, Gehrs 

et al. 1995). The RPE cells play a protective role in the retina by absorbing free radicals 

and preventing scattering of light (Parson 2009). RPE cells form the outer blood-retina 

barrier as tight junctions located between RPE cells allow them to regulate transport of 

molecules from choroid to the subretinal space, thereby playing an important role in 

immune privilege of the eye (Campbell and Humphries 2012). In addition, RPE cells are 

specialized in receptor mediated phagocytosis of damaged photoreceptor outer segments. 

Due to constant exposure to light and resulting photo-oxidation, photoreceptor outer 
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segments undergo constant shedding and phagocytosis of damaged tips (Hageman, Gehrs 

et al. 1995, Schraermeyer and Heimann 1999).  

1.2.5 Bruch’s Membrane 

Bruch’s membrane located beneath the RPE is an acellular, 5-layered 

extracellular matrix composed of– inner basement membrane of RPE, inner collagenous 

layer, elastin layer, outer collagenous layer, and outer basement membrane of 

choriocapillaris (Chen, Miyamura et al. 2003). Together, RPE and the Bruch’s membrane 

complex serve as a barrier that regulates cellular migration, transport of molecules, and 

neovascularization from choroid into the subretinal space. 

 

1.3 Age-related Macular Degeneration 

1.3.1 Prevalence 

Age-related macular degeneration (AMD) is a neurodegenerative disease of the 

retina, and it is the leading cause of blindness in patients 65 years of age or older in 

industrialized nations (Fine, Berger et al. 2000). AMD affects approximately 11 million 

people in the US and 170 million people globally. Due to increasing aging population, the 

prevalence of AMD is predicted to double by the year 2050 in the US, and the global 

prevalence is predicted to increase to 288 million by 2040 (Pascolini and Mariotti 2012, 

Wong, Su et al. 2014). AMD is a complex multifactorial disease associated with 

demographic, environmental, and genetic risk factors. The risk is further increased by 

other demographic factors, including female gender (see below) and Caucasian race. As 

well, environmental factors such as sunlight exposure and cigarette smoking  are 
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associated with the development of AMD, among which cigarette smoking is the second 

most consistent risk factor after age (Heesterbeek, Lorés-Motta et al. 2020).  

The chorio-retina toxicity induced by cigarette smoke has been shown to be 

mediated by oxidative damage to the RPE, vascular damage and inflammation, together 

contributing to AMD pathogenesis (Velilla, García-Medina et al. 2013). In addition, a 

genome-wide association study of AMD revealed genes associated with AMD, which are 

presented in The Retina International Disease Database (2010). Currently, genetic 

variation in complement factor H (CFH) and ARMS2/HTRA1 (Age-related Maculopathy 

Susceptibility 2/High Temperature Requirement A Serine Peptidase 1) genes are 

considered as major contributors to increasing the risk of AMD development (Sergejeva, 

Botov et al. 2016) as discussed further in the next sub chapters. 

1.3.2 Dry AMD 

Dry AMD or atrophic AMD is characterized by drusen, which are extracellular 

deposits that accumulate between retinal pigment epithelium (RPE) and Bruch’s 

membrane. Several classification schemes are developed based on the number and size of 

drusen, degree of RPE changes, and geographic atrophy (Hageman, Gehrs et al. 1995, 

Yonekawa, Miller et al. 2015). Drusen, derived from the German word for nodes or 

geode, are extracellular deposits that accumulate beneath the RPE basal lamina and into 

the inner layer of Bruch’s membrane (Williams, Craig et al. 2009). In the advanced stage 

of dry AMD, geographic atrophy develops, which is characterized by a change in 

pigmentation and loss of RPE-Bruch’s membrane in the areas of drusen or independent 

of drusen (Yonekawa, Miller et al. 2015). Approximately 10-15% of all AMD patients 
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progress to the neovascular (nv) AMD, but occasionally there are nvAMD patients 

without prior dry AMD condition.  

Although not all dry AMD cases progress to nvAMD, it can be considered as a 

risk factor or a preceding state for nvAMD. Any stage of dry AMD can turn into nvAMD 

(Miller, D'Anieri et al. 2021). The mechanistic basis of this disease progression is 

multifactorial, and it is not fully understood. The recurring theme is that the RPE is at the 

core of AMD pathogenesis, in which the crosstalk of RPE with the immune and vascular 

systems of the retina drives development of CNV (Ambati and Fowler 2012). The RPE 

dysfunction is a precursor state in later stage AMD including both geographic atrophy 

and CNV of nvAMD. This potential of the RPE to drive various pathways of AMD 

pathogenesis is strongly supported by RNA transcriptome analyses of human AMD 

donor eyes in which a number of RPE specific genes were differentially regulated under 

the AMD disease state (Newman, Gallo et al. 2012). It is important to note that 

significant inter-individual variations are displayed in RPE transcript expression of 

human AMD samples. This supports the theory that different categorical AMD 

phenotypes are responses driven by heterogenic AMD relevant stimuli or stress (Ambati 

and Fowler 2012). There are number of pathways in AMD pathology, including 

inflammation, complement factors, age-related anatomical changes, and stressors that all 

contribute to progression of the disease which are discussed in following sections.  

1.3.3 Neovascular AMD 

Neovascular AMD (nvAMD) accounts for only 10% of AMD cases, but it 

accounts for 90% of the blindness resulting from AMD (Morris, Imrie et al. 2007). 

Neovascular AMD is characterized by choroidal neovascularization (CNV) in which 
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proliferating choroidal blood vessels project through Bruch’s membrane and the retinal 

pigment epithelium (RPE) layer (Bird 2010). These new blood vessels are leaky and 

prone to rupture, thereby causing vascular leakage and scarring of macula that lead to 

permanent vision loss. According to macular photocoagulation studies (MPS) and 

Treatment of Age-Related Macular Degeneration with Photodynamic Therapy (TAP) 

studies, nvAMD can be classified into subtypes based on the vascular leakage within the 

CNV lesion – classic and occult. The classic CNV is characterized by intense 

hyperfluorescence, and the source of vascular leakage can be readily defined. In contrast, 

occult CNV is characterized by irregular (type 1 occult) and/or multiple hyperfluorescent 

lesions (type 2 occult), presenting diffusive leakage (Tomi and Marin 2014).  

Besides these classic nomenclatures, additional delineation of the subtypes of 

nvAMD were developed in a 2020 consensus meeting of an international team of experts 

in AMD and AMD imaging research as follows. Polypoidal choroidal vasculopathy is a 

variant of type 1 that is commonly seen in Asian persons. It is defined by a branching 

vascular network and nodular vascular agglomerations known as polyps. Polypoidal 

choroidal vasculopathy slowly invades sub-RPE space and may grow significantly until 

they affect vision. These polyps are especially prone to bleeding. There is also a type 3 

macular neovascularization which involves down growth of retinal blood vessels towards 

the outer retina; therefore, the term choroidal neovascularization is not accurate for this. 

There can also be lesions those result from retina-choroidal anastomosis, which refers to 

a vascular communication between channels that are not connected by vessels. The 

detachment of RPE can occur in type 1 and 3, but not likely in type 2 although it is not 

known why similar RPE detachment does not occur in type 2 (Spaide, Jaffe et al. 2020).  
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1.4 Pathogenesis of Age-related Macular Degeneration 

AMD is a complex multifactorial disease, and not all the causes of AMD are 

completely understood. The age-related structural changes in the eye, sex differences, 

hypoxia, oxidative stress, inflammation, and genetic predisposition are strongly related to 

the pathogenesis of AMD. 

1.4.1 Aging 

Aging and structural changes of Bruch’s membrane and RPE are key contributors. 

Early-stage AMD is characterized by structural changes within Bruch’s membrane, 

accumulation of waste products in RPE and formation of drusen between the RPE and 

Bruch’s membrane (Ding, Patel, & Chan, 2009). Numerous early histological studies 

revealed morphological abnormalities in Bruch’s membrane that are associated with 

aging and AMD (Guymer, Luthert, & Bird, 1999; Hogan & Alvarado, 1967; Sarks, 

1976). These structural changes include increased collagen cross-linking (Ramrattan et 

al., 1994), calcification of the elastin layer (Spraul & Grossniklaus, 1997), accumulation 

of lipids (Sheraidah et al., 1993) and advanced glycation end products (AGEs) (Glenn et 

al., 2009). Such changes are a normal part of aging until they have detrimental effects on 

the functional aspect though some may view aging itself as a pathological condition. The 

collagen cross-linkage can cause Bruch’s membrane thickening, resulting in decreased 

elasticity and altered membrane permeability (C. A. Curcio & Johnson, 2012; Ramrattan 

et al., 1994). The thickening of Bruch’s membrane also contributes to retinal ischemia as 

will be discussed later. Calcification occurs in the connective tissue of Bruch’s membrane 

as calcium readily builds up in the soft tissues (van der Schaft et al., 1992). Calcification 

of the elastin layer also reduces its elasticity, making the membrane brittle and 
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susceptible to breaks which means loss of barrier structure and function against 

neovascularization (Georgalas et al., 2009; Spraul & Grossniklaus, 1997).  

Lipid accumulation in Bruch’s membrane can be observed as forming a ‘lipid 

wall’ between the basal lamina of RPE and the inner collagenous layer of Bruch’s 

membrane (Huang, Presley, Chimento, Curcio, & Johnson, 2007). In such a state, 

formation of the lipid wall can impede transport of macromolecules and fluid between 

RPE and choroid. Thus, alterations in the anatomical structure of Bruch’s membrane 

result in functional defects. In addition, the lipid wall is considered to give rise to 

accumulation of lipoproteins known as basal linear deposit (BLinD) (Christine A. Curcio, 

Johnson, Rudolf, & Huang, 2011), which together with basal laminar deposits (BLamD) 

build up in the same compartment as drusen within the interface of RPE and choroid 

(Gregory S. Hageman, 2008).  

1.4.2 Sex differences 

According to the National Eye Institute, 65 percent of AMD cases were in women 

in 2010. The greater prevalence of AMD among older women could be explained by the 

longer life expectancy of women compared to men, given that AMD is an age-dependent 

disease (Aninye, Digre et al. 2021). However, studies adjusting for age as a factor still 

found higher AMD risk among women compared to men worldwide (Bourne, Steinmetz 

et al. 2021, Steinmetz, Bourne et al. 2021). As well, studies suggest there are factors 

other than age that contribute to sex differences observed in the AMD prevalence. Using 

data on the association between the late-stage AMD with BMI, systolic blood pressure 

and exercise, researchers found significant association for AMD risk only among women 

(Erke, Bertelsen et al. 2014). When it comes to the effects of estrogen on AMD, study 



 

 12 

results are conflicting and inconclusive. A study by Snow et al. reported that 

postmenopausal estrogen therapy in the past was associated with significantly lower risk 

of developing AMD, suggesting a protective effect of exogenous estrogen against AMD 

in postmenopausal women (Snow, Cote et al. 2002). However, at least three other 

observational study results showed no significant association between estrogen treatment 

and AMD development (Klein, Klein et al. 2000, Abramov, Borik et al. 2004, Defay, 

Pinchinat et al. 2004). The sex difference is apparent in the prevalence of AMD 

development but investigating causes of sex differences in AMD pathogenesis requires 

future studies, along with considerations of biologic, environmental and socioeconomic 

factors (Pennington and DeAngelis 2016, Zetterberg 2016). 

1.4.3 Genetics 

There are numerous genes associated with AMD ("Retina international disease 

database: retinal and macular dystrophies," 2010; Sergejeva et al., 2016), among which 

genetic variation in complement factors and ARMS2/HTRA1 (Age-related Maculopathy 

Susceptibility 2/High Temperature Requirement A Serine Peptidase 1) are the most 

highly associated genes (Akagi-Kurashige et al., 2015; Francis, Hamon, Ott, Weleber, & 

Klein, 2009; Gold et al., 2006). The complement system refers to a group of more than 30 

proteins that are activated as part of the innate immune response against pathogens or 

specific immune response activated by antigen-antibody complexes (Ding et al., 2009). 

As a result, cascades of complement system lead to pro-inflammatory responses, 

including production of membrane-attack complex (MAC), which initiates cell lysis 

(Walport, 2001). Several studies revealed enhanced expression of complement factors 

was localized in the drusen and RPE of AMD patients and those of L-CNV mice 
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(Johnson, Leitner, Staples, & Anderson, 2001; Nozaki et al., 2006). The complement 

factors also induce RPE secretion of VEGF and act as chemotactic attractants for 

macrophages to the choroid. Thus, the dysregulation of complement system is thought to 

play a role in AMD pathogenesis.  

A single nucleotide polymorphism (SNP) in the gene coding for complement 

factor H (CFH) and other CFH variants have been reported to have strong associations 

with AMD (Ding et al., 2009; R. J. Klein et al., 2005). The CFH gene is therefore 

considered as a major susceptibility gene for dry AMD (Dewan et al., 2006). CFH is a 

negative regulatory protein of the complement system. It is thought that impaired 

inhibitory activity of CFH can result in dysregulated inflammation and damage to retinal 

cells, contributing to AMD pathogenesis. In addition, based on the detection of an AMD 

susceptibility locus from genome-wide linkage analysis of families with AMD, a focused 

SNP genotyping study revealed a highly significant association over two close-by genes – 

ARMS2 and HTRA1 (Jakobsdottir et al., 2005). Because there is strong linkage 

disequilibrium over the ARMS2/HTRA1 region, it is difficult to statistically identify 

differences between the two AMD risk gene candidates and genetic association studies 

alone do not give us enough information to determine which gene is more strongly 

associated with AMD (May, Su et al. 2021). While its function is not fully understood, 

ARMS2 expression was localized in mitochondria enriched inner segment ellipsoids of 

photoreceptors, suggesting that functional relevance of ARMS2 to AMD pathology may 

involve mitochondrial dysregulation (Ding et al., 2009; Fritsche et al., 2008). HTRA1 is a 

stress-inducible heat shock serine protease, and it is known to regulate TGF-β 

(transforming growth factor-β) signaling by binding to and cleaving TGF-β (Friedrich et 
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al., 2015; Zhang et al., 2011). The impaired TGF-β signaling due to structurally altered 

HTRA1 has been reported to result in microglial dysregulation (Friedrich et al., 2015). As 

well, HTRA1 is expressed in the RPE and vascular endothelium of retina and several 

studies reported that its expression is upregulated in drusen and CNV of AMD 

individuals carrying a specific HTRA1 SNP (Cameron et al., 2007; Chan et al., 2007).  

Interestingly, HTRA1 targets cell surface receptors, ECM structural proteins and 

soluble secreted proteins that are involved in proteolytic degradation. Studies reported 

that overexpression of HTRA1 did not affect vasculature but compromised Bruch’s 

membranes’ elastin layer. While ARMS2-HTRA1 locus has been controversial in regards 

to being causal factors for AMD, evidence implicates HTRA1 as the causal element than 

ARMS2 particularly for the ECM fragment hypothesis of AMD in which ECM fragments 

from HTRA1 proteolysis produce pro-inflammatory peptide fragments that increase 

oxidative stress, which heightens chronic inflammation with monocyte infiltration and 

pro-angiogenic cytokines, and promote choroidal neovascularization by degrading 

Bruch’s membrane (May, Su et al. 2021). 

1.4.4 Oxidative Stress 

Oxidative Stress caused by an imbalance between reactive oxygen species and 

antioxidant defense system has been implicated in pathogenesis of AMD (Jarrett & 

Boulton, 2012). ROS can be derived from intracellular metabolism and from 

photochemical reactions. The retina is susceptible to oxidative stress because of its 

exposure to high concentrations of oxygen, its exposure to light and high prevalence of 

photosensitive molecules generating additional sources of ROS formation. Due to the 

highly metabolic photoreceptor cells, retina is one of the highest oxygen consuming 
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tissues in the body. The choroid is the major source of blood supply for the retina. The 

high blood flow and oxygen tension of the choroid generate a large gradient of oxygen 

tension towards the photoreceptor layer of the retina, thus allowing efficient transport of 

oxygen from choroid to photoreceptor cells across the Bruch’s membrane-RPE barriers. 

(Jarrett & Boulton, 2012; Nickla & Wallman, 2010) However, this creates an 

environment that is under oxygen concentration-dependent oxidative stress. In addition, 

several photosensitive molecules in photoreceptors and RPE can produce ROS in 

response to excessive light stimuli. 

The polyunsaturated fatty acids that are abundant in the outer segments of 

photoreceptors can be subjected to lipid peroxidation, producing highly reactive lipid 

peroxyl radicals and singlet oxygen species (Esterbauer, Schaur, & Zollner, 1991). These 

lipid-derived free radicals cause serious damage to the lipid bilayer of the photoreceptor 

cell membrane because they can further deprotonate nearby fatty acids, thus capable of 

both the initiation and propagation of oxidation (Jarrett & Boulton, 2012; Kohen & 

Nyska, 2002). Moreover, the oxidative-induced changes contribute to formation of the 

lipid-protein aggregate known as lipofuscin in the RPE (Jarrett & Boulton, 2012) and 

drusen formation between RPE and choroid. Also, RPE cells are constantly exposed to 

light stimuli and high oxygen tension. As described in Chapter 1.1.4, RPE cells are 

responsible for degradation and recycling of photoreceptor outer segments and are 

thereby under intense metabolic stress (Schraermeyer and Heimann 1999). With aging, 

the autophagic clearance by the RPE cells reduces, further amplifying the accumulation 

of cell debris (Keeling, Lotery, Tumbarello, & Ratnayaka, 2018; Kennedy, Rakoczy, & 

Constable, 1995). Since RPE is a monolayer of post-mitotic cells, there is considerable 
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proteolytic burden which conditions these cells to be more susceptible to damage 

(Kennedy et al., 1995). 

1.4.5 Hypoxia 

Hypoxia is implicated in the development of neovascular AMD. The features of 

early-stage AMD contribute to retinal hypoxia. As discussed in the above section, 

thickening of Bruch’s membrane occurs as one age. Bruch’s membrane thickening and 

accumulation of cellular debris, particularly thick confluent deposits of drusen, increase 

the distance oxygen travels from choriocapillaris to the photoreceptors (Stefánsson, 

Geirsdóttir, & Sigurdsson, 2011). The diffusive oxygen flux from choriocapillaris to 

retina follows Fick’s law, where F is the oxygen flux, D is the diffusion coefficient, dc/dx 

is the concentration gradient, with dc is the concentration change in oxygen and dx is the 

distance change (Stefánsson et al., 2011).  

F= -D dc/dx 

In the normal eye, oxygen diffuses from the choroid through Bruch’s membrane and 

RPE, towards the avascular photoreceptor layer. According to Fick’s law, increased 

distance from choroid to retina leads to a decrease in oxygen flux. As a result, there is a 

decrease in oxygen delivery from choroid in dry AMD, and the photoreceptors become 

hypoxic. It is well established that hypoxia-inducible factor is expressed in the CNV sites 

in nvAMD and is a major inducer of vascular endothelial growth factor (VEGF) mediated 

angiogenesis (see later).  

1.4.6 Inflammation 

The eye is considered an immunologically privileged site because of its unique 

physical barriers and microenvironment (R. Zhou & Caspi, 2010). This protects the retina 
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from daily inflammatory and oxidative insults by maintaining low-level activation of the 

retinal immune system (Mei & Heping, 2015). However, with aging and persistent 

insults, para-inflammation can turn into chronic inflammation (Xu, Chen, & Forrester, 

2009). Indeed, there is strong evidence that chronic inflammation plays a role in age-

related degenerative diseases of immunologically privileged tissues, such as Alzheimer's 

disease and AMD (Anderson, Mullins, Hageman, & Johnson, 2002; Lathe, Sapronova, & 

Kotelevtsev, 2014; McGeer & McGeer, 2004).  

Several studies revealed elevation of systemic inflammatory markers in AMD. 

The systemic levels of tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) were 

associated with the incidence of AMD (R. Klein et al., 2014). As well, systemic levels of 

complement factors and inflammatory cytokines have been found to be elevated in AMD 

patients (B. Liu et al., 2011). Within the AMD eye, drusen contains several inflammation 

related proteins. For example, the isolated drusen component amyloid-beta induced 

activation of NF-κB and NLRP3 inflammasome pathways in a mouse model in which an 

intravitreal injection of a drusen component, Aβ, recapitulated features of early AMD (R. 

T. Liu et al., 2013; R. T. Liu et al., 2014).  The production of inflammatory mediators as 

a result of inflammatory insults (e.g., oxidative stress, lipofuscin and drusen formation) 

can promote endothelium activation, resulting in increased adhesion molecules and 

vascular permeability. In response to inflammatory stimuli, microglia and macrophages 

migrate to the inflamed subretinal space while expressing pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF) (Xu et al., 2009). The macrophages also 

secrete matrix metalloproteases (MMP) that degrade Bruch’s membrane through which 
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proliferating choroidal blood vessels may invade into the subretinal space, thus 

promoting choroidal neovascularization (Campa et al., 2010). 

1.4.7 Angiogenesis 

Angiogenesis is the formation of new capillaries from pre-existing blood vessels. 

The process requires coordinated actions between pro-angiogenic and anti-angiogenic 

factors, leading to endothelial cell migration, proliferation, survival, and vascular 

maturation. The endothelial cells that line the ocular blood vessels are resistant to 

neovascular stimuli under the normal condition, therefore a quiescent state is maintained 

where negligible endothelial cell proliferation occurs due to a balance between pro-

angiogenic and anti-angiogenic factors. However, this tightly regulated process can be 

disrupted under pathological conditions such as oxidative stress, hypoxia, and 

inflammation, which shift the balance towards neovascularization. Although angiogenesis 

is a physiological process that is integral to normal growth and development, pathological 

ocular angiogenesis can be harmful when it damages normal anatomic features – 

particularly in the retina and choroid – as it may result in significant impairment of visual 

function (Bressler 2009, Cabral, Mello et al. 2017).  

Among many proangiogenic factors, the VEGF signaling pathway is most well 

characterized for its critical role in angiogenesis. Vascular endothelial growth factor 

(VEGF) is a family of secreted glycoproteins including VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, VEGF-E (virally encoded), and placental growth factor (PlGF). The VEGF 

receptors (VEGFR) are transmembrane tyrosine kinase receptors and there are VEGFR-1, 

VEGFR-2, and VEGFR-3. Mainly, VEGF-A binds to both VEGFR-1 and 2 that is 

predominantly involved in regulation of angiogenesis. VEGF-B and P1GF bind to 
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VEGFR-1, and VEGF-C and D bind to VEGF-R3 which is widely known for its 

regulation of lymphangiogenesis, though it has an angiogenic role in early development 

(Adams and Alitalo 2007). In contrast to blood vessels that transport oxygenated blood, 

the primary function of lymphatic vessels are to absorb protein-rich fluids, lipids and 

macromolecules (Paduch 2016).  

Considering angiogenesis and lymphangiogenesis occur concurrently, blood and 

lymphatic vessels may regulate each other (Nakao, Hafezi-Moghadam et al. 2012). 

VEGF-A and its receptors VEGFR-1 and VEGFR-2 that are predominantly expressed by 

endothelial cells are considered as the dominant regulators of angiogenesis during 

homeostasis and disease. VEGFR-2 is the main receptor of VEGF-A that promotes 

endothelial cell migration and vascular permeability (Apte, Chen et al. 2019). As shown 

in Figure 1.2, VEGF binds to its receptor and the receptor, then the activated receptors 

signal downstream pathways that are implicated in regulation of proliferation, survival, 

migration, and permeability of vascular endothelial cells mediating angiogenesis (Apte, 

Chen et al. 2019). Thus, the role that angiogenesis plays in late AMD is key to 

understanding why anti-VEGF therapy became critical in nvAMD treatment. 
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Figure 1.2: VEGF signaling in angiogenesis. The vascular endothelial growth factor 
family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth 
factor (PIGF). VEGF signal transduction is carried out through the VEGFR tyrosine 
kinase receptor family. VEGF-A binds to VEGFR-1/2 with VEGFR-2 being the 
dominant signaling receptor regulating angiogenesis. VEGF-B and PlGF bind to 
VEGFR-1, and VEGF-C and VEGF-D bind to VEGFR-3 that is implicated in 
lymphangiogenesis.   
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1.5 Development of Choroidal Neovascularization 

Choroidal neovascularization (CNV) is a major pathological feature of nvAMD, 

in which abnormal new blood vessels grow from the choroid into the retinal pigment 

epithelium (RPE) and neuroretina (Bird 2010). Leakage of these new blood vessels 

causes hemorrhage, retinal pathology, and eventual fibrotic scarring, with rapid, 

permanent vision loss (Ehrlich, Harris et al. 2008). In addition to being a specific feature 

of nvAMD, CNV can also be considered as a complication that results from pathological 

stimuli in numerous chorioretina disorders, posterior uveitis, and severe myopia (Green 

and Wilson 1986). The term CNV may suggest that it is just a vascular pathological 

condition, but CNV is properly defined as an abnormal tissue invasion of endothelial and 

inflammatory cells where there is a dynamic contribution of angiogenesis, inflammation, 

proteolysis and remodeling of the ECM (Campa, Costagliola et al. 2010, Kumar, 

Nakashizuka et al. 2017). The development of CNV can be divided into three stages: 1) 

Initiation, 2) Inflammatory Active, and 3) Involutional stages. (Grossniklaus and Green 

2004, Campa, Costagliola et al. 2010)  

1.5.1 Initiation Stage 

In the initiation stage, RPE and photoreceptor cells produce VEGF, which plays 

a major role in inciting angiogenesis (Kvanta, Algvere et al. 1996, Lopez, Sippy et al. 

1996). The production of VEGF by RPE, in particular, is conducted in a polarized 

manner in which basal secretion towards Bruch’s membrane is greater than apical 

secretion towards photoreceptors (Blaauwgeers, Holtkamp et al. 1999). Furthermore, 

there are other growth factors and molecules produced by RPE that serve as a 

chemoattractant, recruiting macrophages, promoting endothelial cell differentiation, and 
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vascular permeability (Campa, Costagliola et al. 2010). All these processes stimulate 

pathological changes in Bruch’s membrane, allowing the neovascular tissue invasion of 

endothelial cells, pericytes, fibrocytes and inflammatory cells into the subretinal space 

(Jensen, Jakobsen et al. 2020). 

1.5.2 Inflammatory Active Stage 

The following inflammatory active stage is distinguished by the progressive 

neovascular enlargement. This stage of active CNV progression is predominantly driven 

by inflammatory cells and abnormal production of cytokines through autocrine/paracrine 

mechanisms. The production of matrix metalloproteinases (MMPs) by the vascular 

endothelium and macrophages further facilitate CNV; invasion through Bruch’s 

membrane is enhanced by degrading extracellular matrix (Steen, Sejersen et al. 1998). 

The RPE continues to play an important role during this stage. Basic fibroblast growth 

factor (FGF-2), that stimulates pathologic angiogenesis, TGF-b, and angiostatic proteins 

like pigment endothelial-derived factor (PEDF) are secreted by RPE (Campa, Costagliola 

et al. 2010). As an example, ECM fragments of complement components between 

Bruch’s membrane and RPE may induce VEGF expression and exert chemotactic activity 

to recruit inflammatory cells that assist migration of choroidal capillaries (Bressler 2009). 

Thus, the disruption in homeostasis of angiogenesis, inflammation and proteolysis 

signaling mediate the progressive growth and maturation of CNV at this stage. 

1.5.3 Involutional Stage 

 The involutional stage is distinguished by scarring and fibrosis. During this 

process, the balance shifts toward antiangiogenic and anti-proteolytic activities. Tissue 

inhibitors of metalloproteinases (TIMP) and TGF produced by RPE directs the regression 
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of neovascularization (Grossniklaus and Green 2004). Simultaneously, angiogenesis may 

continue until a state of normoxia is reached. Overall, maturation of blood vessels and 

formation of scar tissue leading to rapid vision loss, are the hallmarks of this late stage of 

CNV (Campa, Costagliola et al. 2010).  

 

1.6 Therapy for Neovascular Age-related Macular Degeneration 

1.6.1 Laser photocoagulation  

Laser photocoagulation was the first treatment used to suppress the progression of 

nvAMD. It is a destructive form of therapy that results in occlusion of leaky blood 

vessels, as the light energy absorbed by ocular pigments gets converted into heat energy, 

raising the temperature and causing denaturation of the tissue in the region subjected to 

laser (Eong, Sanjay et al. 2006, Jian, Panpan et al. 2013). Laser photocoagulation 

therefore remains as the choice of therapy for patients with choroidal neovascularization 

outside the fovea to reduce the risk of visual loss from the treatment (Virgili and Bini 

2007). 

1.6.2 Photodynamic therapy  

Photodynamic therapy with verteporfin (Visudyne, Novartis) was approved by the 

FDA in 2000 for treading CNV secondary to AMD. When irradiated with a 689 nm laser 

light, verteporfin releases singlet oxygen species that are highly reactive and able to 

denature choroidal neovascular endothelium. The non-thermal nature of this therapy was 

thought to prevent unwanted thrombosis of adjacent tissue; however, collateral damage to 

the surrounding tissue was still reported. Two large multicenter randomized clinical trials 

determined that photodynamic therapy with verteporfin halted significant loss of vision, 
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but it was not significantly effective in improving the visual acuity (Barak, Heroman et 

al. 2012). 

1.6.3 Anti-VEGF  

Anti-VEGF therapy revolutionized the treatment for neovascular eye diseases, 

including nvAMD. With the revelation that VEGF is a signaling protein that plays a key 

role in angiogenesis and vasculogenesis, targeting VEGF soon emerged as an effective 

therapeutic strategy against CNV. Pegaptanib sodium and Ranibizumab were the first 

intraocular anti-VEGF agents that were evaluated for the treatment of nvAMD in large, 

randomized, controlled clinical trials in which the efficacy of intraocular anti-VEGF 

pharmacotherapy was proven.  

Pegaptanib sodium selectively inhibits VEGF-165, which is the most abundant 

VEGF isoform. Ranibizumab is a recombinant monoclonal antibody that binds to and 

inactivates all six isoforms of VEGF-A. Ranibizumab was designed specifically to treat 

nvAMD by altering the structure of a mouse monoclonal antibody, from which 

bevacizumab was derived. Bevacizumab is also a recombinant humanized monoclonal 

antibody that binds to and inhibits all isoforms of VEGF-A.  It was originally approved 

by the FDA to treat colorectal, breast and lung cancer and designed to be delivered 

systemically, but soon, off-label use of intravitreal bevacizumab emerged as a strong 

alternative to ranibizumab because of the lower cost, comparable efficacy and grater 

duration of action (Bressler 2009, Campa, Costagliola et al. 2010, Barak, Heroman et al. 

2012). Anti-VEGFs revolutionized the treatment and management of AMD, as they are 

not only effective in the inhibition of angiogenesis but also in arresting vascular 
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permeability, which accounts for the loss of visual acuity in patients with CNV (Campa, 

Costagliola et al. 2010, Barak, Heroman et al. 2012).  

However, anti-VEGF agents present several limitations. Long-term use of anti-

VEGF agents is associated with numerous systemic adverse effects including 

thromboembolic events and hypertension (Hayman, Leung et al. 2012). About 30% of 

patients were reported to be refractory to anti-VEGFs (Yang, Zhao et al. 2016), and there 

has been a concern regarding the long-term efficacy of current anti-VEGF agents with the 

reduction in bio-efficacy because of tachyphylaxis (Schaal, Kaplan et al. 2008). Novel 

anti-VEGF such as brolucizumab, which was recently approved for the treatment of 

nvAMD in the US, and conbercept that is moved to phase III clinical trials, have a greater 

affinity towards VEGF-A, enhanced chorio-retina penetration, and rapid systemic 

clearance (potentially reducing systemic side effects), therefore addressing some of the 

shortcomings of previous anti-VEGF agents (Tadayoni, Sararols et al. 2021, Zhou, Zheng 

et al. 2021).  

Yet, the only current delivery route for anti-VEGF agents, due to their large 

molecular weight, is intravitreal injection which can be associated with intraocular 

complications, including infection (Cox, Eliott et al. 2021). Repeated intravitreal 

injections of anti-VEGF agents and thus frequent visits to clinics are required for 

maintenance, presenting a burden to clinicians, patients, and the healthcare system 

(Schmidt-Erfurth, Chong et al. 2014). As an example, in a recent survey study, patients at 

the Glick Eye Institute have expressed their preference towards visits more spaced out 

every three months while mode was 1 month. This and other factors, including physical 

discomfort that is inherent to the available drug delivery method for anti-VEGF, may 
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pose non-compliance issues (Jacobs, Palmer et al. 2021). Furthermore, CNV involved in 

nvAMD is a multifactorial process in which angiogenesis is not the only contributor. 

Thus, there is a critical need to elucidate other cellular components involved in 

pathophysiology and develop novel therapeutic strategies to combat CNV.  

 

1.7 SH-11037, Anti-angiogenic small molecule and soluble epoxide hydrolase 

To address the unmet needs in anti-angiogenic pharmacotherapy, Corson lab used 

a forward chemical genetics approach to identify a novel target involved in ocular 

angiogenesis. We previously reported the total synthesis of an antiangiogenic natural 

homoisoflavonoid, cremastranone, for the first time (Lee, Basavarajappa et al. 2014). 

Corson lab then completed a structure-activity relationship analysis of its derivatives and 

discovered a compound SH-11037 with greater potency and selectivity for endothelial 

cells, and efficacy in suppressing angiogenesis in the mouse laser induced choroidal 

neovascularization (L-CNV) model, a widely used model in which laser 

photocoagulation is used to rupture Bruch’s membrane, resulting in angiogenesis from 

the choroid into the subretinal space (Basavarajappa, Lee et al. 2015, Sulaiman, Merrigan 

et al. 2016). Using SH-11037 based affinity reagents, we identified soluble epoxide 

hydrolase (sEH) as a cellular target of SH-11037 (Sulaiman, Park et al. 2018). 

Interestingly, sEH, encoded by the gene EPHX2, is a lipid-metabolizing enzyme that 

metabolizes bioactive epoxy fatty acids (EpFA). 

Soluble Epoxide Hydrolase (sEH) is a 62 kDa enzyme with the N-terminal 

phosphatase activity and the C-terminal hydrolase function (Harris and Hammock 2013). 

sEH was first discovered through its activity on substrates such as epoxystearate. 
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Studying the differential hydrolysis of the epoxide lipid substrate, the epoxide hydrolase 

activity in the soluble fraction of multiple organs were detected, hence the enzyme was 

named soluble epoxide hydrolase (Gill and Hammock 1979).  

sEH, with its hydrolase activity, metabolizes EpFAs like epoxyeicosatrienoic 

acids (EETs) from ω-6 arachidonic acid (AA), epoxydocosapentaenoic acids (EDPs) and 

epoxyeicosatetraenoic acid (EEQ) from ω-3 docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) respectively. (Figure 3)(Park and Corson 2019). There is a 

growing awareness of the importance of bioactive lipid metabolism to ocular structure, 

function, and pathology.  

Especially, the unique lipid profile of the retina gives an outsized role for DHA 

(22:6 ω-3) and DHA-derived PUFA metabolites in the eye. DHA is a major structural 

component of the membrane phospholipids in the retina (Querques, Forte et al. 2011), 

constituting 50–60% of the total fatty acids in the outer segments of photoreceptors 

(Stinson, Wiegand et al. 1991, Bush, Malnoe et al. 1994, Stillwell and Wassall 2003), in 

contrast to most tissues that contain only a small portion (~5%) of their fatty acids as 

DHA. In parallel with the arachidonic acid (AA, 20:4 ω-6) cascade, the metabolism of 

DHA involves three branches of oxylipin synthesis enzymes: cyclooxygenase (COX), 

lipoxygenase (LOX) and cytochrome P450 (CYP) epoxygenases, of which the CYPs are 

responsible for generating bioactive EpFAs (Morisseau, Inceoglu et al. 2010, Zhang, 

Panigrahy et al. 2013, Malamas, Chranioti et al. 2017). EpFAs like EETs and EDPs have 

garnered much attention in vascular disorders due to their vasodilatory and anti-

inflammatory properties (Ye, Zhang et al. 2002, Zhang, Kodani et al. 2014, Capozzi, 

Hammer et al. 2016). EpFAs are physiologically unstable because they are rapidly 
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metabolized, mainly by soluble epoxide hydrolase (sEH) (Chacos, Capdevila et al. 1983) 

(Figure 1.3).  

  

Figure 1.3: The CYP-sEH pathway. Arachidonic acid (AA), as well as 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are PUFAs metabolized 
by cytochrome P450 (CYP) to generate epoxy fatty acids (EpFAs) that have pro-
resolving bioactivities. Inhibition of sEH preserves bioavailabilities of these EpFA. EET, 
epoxyeicosatrienoic acid; DHET, dihydroxyeicosatrienoic acid; EDP, 
epoxydocosapentaenoic acid; DHDP, dihydroxydocosapentaenoic acid; EEQ, 
epoxyeicosatetraenoic acid; DHEQ, dihydroxyeicosatetraenoic acid. Representative 
isomers are shown. 
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1.8 sEH inhibition and EpFAs in Angiogenesis and Inflammation 

Genetic manipulation of CYP/sEH expression and small molecule mediated 

targeting of sEH has allowed investigation of the role of EpFAs in eye diseases, in 

particular diseases mediated by inflammation and angiogenesis. Through the metabolism 

of bioactive EpFAs and production of corresponding diols, sEH plays a role in the 

regulation of angiogenesis and inflammation relevant to the pathogenesis of numerous 

eye diseases. 

Inhibition of sEH stabilizes EpFAs, enhancing their biological activities, which 

vary among EpFAs derived from ω-6 and ω-3 PUFAs. EETs and EDPs have vasodilatory 

(Oltman, Weintraub et al. 1998, Zhang, Oltman et al. 2001, Ye, Zhang et al. 2002) and 

analgesic effects, reducing inflammatory pain (Inceoglu, Jinks et al. 2008, Morisseau, 

Inceoglu et al. 2010, Wagner, Vito et al. 2014). But they have contradictory effects on 

angiogenesis: EETs usually have proangiogenic effects depending on the experimental 

context (Pozzi, Macias-Perez et al. 2005, Michaelis, Xia et al. 2008, Xu, Davis et al. 

2013), whereas EDPs have antiangiogenic effects (Zhang, Panigrahy et al. 2013, Capozzi, 

McCollum et al. 2014, Hasegawa, Inafuku et al. 2017, Hu, Dziumbla et al. 2017). 

Moreover, sEH mediated metabolism of EpFAs produces lipid diols like 

dihydroxydocosapentaenoic acids (DHDP) (Figure 3). Thus, sEH inhibition can result in 

tissue-specific effects by modulating different classes of EpFAs depending on the 

abundance of individual PUFAs in the given tissue.  

Targeting sEH with small molecule inhibitors effectively reduces ocular 

angiogenesis (Table 1.1). SH-11037 effectively blocked key angiogenic properties of 

human retinal endothelial cells (HRECs) — proliferation, migration, and tube formation 
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— without inducing cell death (Basavarajappa, Lee et al. 2015). As well, SH-11037 

reduced angiogenesis in an ex vivo choroidal sprouting assay and inhibited 

developmental ocular angiogenesis in zebrafish larvae (Sulaiman, Merrigan et al. 2016). 

Local application of SH-11037 (1 µM) into the eye via intravitreal injection significantly 

suppressed CNV lesions (Sulaiman, Merrigan et al. 2016) and was also effective in 

reducing retinal neovascularization in the oxygen-induced retinopathy (OIR) model 

(Basavarajappa, Lee et al. 2015), in which neonatal mouse pups are subjected to 

hyperoxia during their developmental retinal vascularization, causing ischemia-induced 

angiogenesis on return to normoxia (Scott and Fruttiger 2009, Kim, D’Amore et al. 

2016). Structural, morphological and vascular examination of retina and 

electroretinography showed that up to 100 µM intravitreal SH-11037 does not exert 

ocular toxicity (Sulaiman, Merrigan et al. 2016). Excitingly, SH-11037 also synergized 

with anti-VEGF therapy to reduce L-CNV (Sulaiman, Merrigan et al. 2016).  

Intravitreal injection of other known sEH inhibitors t-AUCB (1–10 µM) and 

“compound 7” (10–30 µM) also suppressed L-CNV lesions (Sulaiman, Park et al. 2018) 

(Table 1.1). Moreover, intravitreal 10 µM SH-11037 or t-AUCB treatment effectively 

increased the ratio of 19,20-EDP to 19,20-DHDP, indicating that local pharmacological 

inhibition of sEH can alter the lipid metabolism in the eye (Sulaiman, Park et al. 2018). 

These studies used 6–15 mice per treatment, plus vehicle-injected controls 

(Basavarajappa, Lee et al. 2015, Sulaiman, Merrigan et al. 2016, Sulaiman, Park et al. 

2018), which should be sufficient to avoid any confounding effects of inflammation, 

which is a concern with this delivery route (Chiu, Chang et al. 2007). An inhibitory effect 

on ocular angiogenesis was also reported for other routes of administration of sEH 
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inhibitors. Oral administration of TPPU (1 mg/kg/day) not only reduced CNV lesions and 

vascular leakage but also its coadministration with i.p. injection of 17,18-EEQ or 19,20-

EDP (50 µg/kg/day) potentiated anti-angiogenic effects on CNV (Hasegawa, Inafuku et 

al. 2017). In addition, normal neonatal mice that received i.p. injection of t-AUCB (2 

mg/kg, twice/day) from 1-4 days had significantly reduced developmental retinal 

vascularization (Hu, Popp et al. 2014). Together, these studies support the therapeutic 

potential of sEH inhibitors for ocular neovascularization. 

EDPs are anti-angiogenic in vitro: all the chemically stable EDP regioisomers 

inhibited VEGF-induced angiogenesis in a Matrigel plug assay (Zhang, Panigrahy et al. 

2013). Of note, 19,20-EDP, which is the least efficient substrate for sEH, therefore most 

abundant isomer (Zhang, Kodani et al. 2014), had no effect on endothelial cell 

proliferation but strongly inhibited human umbilical vein endothelial cell tubular network 

formation and migration and weakly inhibited matrix metalloproteinase 2 (MMP-2) 

activity via a VEGF receptor 2 dependent manner (Zhang, Panigrahy et al. 2013), 

although the exact mechanism through which EDPs crosstalk with VEGF signaling 

remains to be clarified.  

w-3 EpFAs also have anti-inflammatory and anti-angiogenic effects in animal 

models of ocular angiogenesis. Dietary intake of w-3 PUFAs but not w-6 PUFAs reduces 

murine L-CNV (Yanai, Mulki et al. 2014). Dietary intake of w-3 PUFAs in mice 

substantially enhanced levels of epoxide products - 17,18-epoxyeicosatetraenoic acid 

(EEQ) and 19,20-EDP in the serum lipid profile, however it did not increase levels of 

EDPs in the retinal lipid profile. Interestingly, dietary intake of 17,18-EEQ or 19,20-EDP 

also suppressed CNV, suggesting that the protective effect of w-3 PUFAs against CNV 
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could be mediated by its downstream epoxy metabolites that are generated by CYP. In 

addition, dietary w-3 PUFAs interfered with leukocyte invasion into the CNV lesions, 

while w-6 PUFA did not (Yanai, Mulki et al. 2014). These effects were associated with 

anti-inflammatory properties of EpFAs. Specifically, they modulated leukocyte rolling 

velocity by changing the expression of adhesion molecules on the surfaces of leukocytes 

and in the CNV lesions (Hasegawa, Inafuku et al. 2017). In transgenic mice 

overexpressing CYP2C8 in endothelial cells, the dietary intake of w-3 PUFAs, which 

increased production of 17,18-EEQ and 19,20-EDP in serum, reduced CNV lesions 

(Hasegawa, Inafuku et al. 2017). Likewise, dietary w-3 PUFAs reduced CNV lesions in 

Ephx2-/- mice. These mice also had increased plasma levels of 17,18-EEQ and 19,20-

EDP, since sEH-dependent degradation of these epoxides into corresponding diols was 

blocked. In contrast, dietary w-3 PUFAs did not confer inhibitory effects on CNV in mice 

overexpressing sEH.  

In the developing mouse retina, sEH is highly expressed in Müller glia, and 

DHDP produced by sEH contributes to retinal angiogenesis (Hu, Popp et al. 2014). 

Müller glia spans the entire retina radially, providing structural and metabolic support for 

retinal neurons (Reichenbach and Bringmann 2013). The Müller cell-specific knockout of 

sEH or systemic deletion of sEH significantly impaired developmental retinal 

angiogenesis and altered the retinal lipid profile. The level of 19,20-DHDP was 

significantly reduced in the retina of Ephx2-/- mice, and intravitreal injection of 19,20-

DHDP rescued the impaired retinal angiogenesis in these mice. 19,20-DHDP was also 

found to be a signaling molecule, downregulating the endothelial Notch signaling 

pathway by inhibiting presenilin-1 dependent g-secretase activity, which is required for 
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release of the Notch intracellular domain (Hu, Popp et al. 2014). Interestingly, the 

crosstalk between Notch and VEGF pathways in angiogenesis has been reported in 

numerous studies, where activation of Notch signaling modulates VEGF signaling 

(Hellström, Phng et al. 2007, Li and Harris 2009). Overall, there is a strong rationale to 

pursue sEH as a therapeutic target for CNV given that both inflammation and 

angiogenesis are underlying processes of the pathology.  

1.9 sEH in Other Ocular Diseases 

1.9.1 Nonproliferative Diabetic Retinopathy 

sEH has also been implicated in nonproliferative diabetic retinopathy. This early 

phase of the disease is characterized by pericyte loss and increased vascular permeability, 

distinct from the late proliferative phase characterized by neovascularization (Hammes, 

Lin et al. 2002). A study (Hu, Dziumbla et al. 2017) reveals that increased retinal 

expression of sEH and corresponding production of 19,20-DHDP contribute to the 

progression of nonproliferative diabetic retinopathy in hyperglycemic Ins2Akita mouse 

retinas and in the retinas and vitreous of human diabetic patients. Under normal 

conditions, retinal endothelial cells are connected by tight junction proteins and supported 

by pericytes. During the early phase of diabetic retinopathy, 19,20-DHDP alters the 

distribution of presenilin 1 in lipid rafts of the cell membrane, thereby preventing 

interaction between presenilin 1 and cadherins and disrupting endothelial cell to pericyte 

and endothelial cell-to-cell contacts. Treatment with sEH inhibitor t-AUCB (Table 1.1) in 

drinking water (2 mg/L) significantly reduced the retinal level of 19,20-DHDP and 

normalized vascular defects (reduced pericyte number, enhanced migration of vascular 

pericytes to the extravascular space, increased acellular capillaries and increased vascular 



 

 34 

permeability) that were present in the eyes of diabetic mice. Overexpression of sEH 

(delivered by intravitreal adenovirus) in retinal Müller glia increased retinal 19,20-DHDP 

and induced retinopathy in non-diabetic mice, highlighting that sEH may play a causative 

role in progression of the disease (Hu, Dziumbla et al. 2017). This mechanism – 

disrupting endothelial cell junctions of the BRB by sEH-dependent production of 19,20-

DHDP – is worth investigating further since defects in the BRB contribute to other eye 

diseases (Campochiaro, Soloway et al. 1999, Green 1999). Furthermore, a recent study 

reported that sEH inhibitor TPPU reduces fasting glucose level in rats (Minaz, Razdan et 

al. 2018).  

1.9.2 Diabetic Keratopathy 

Diabetic keratopathy is characterized by delayed corneal epithelial wound healing 

and epithelial erosion, resulting in a compromised defense system against corneal injury 

and infective agents (Kaji 2005). sEH is a potential therapeutic target for diabetic 

keratopathy, as tested in a mouse model where corneal erosions develop upon a single 

corneal debridement wound (Sun, Lee et al. 2018). The expression and enzymatic activity 

of sEH were increased in the corneal epithelial cells of streptozotocin-induced diabetic 

epithelial unwounded and wounded mice compared to control mice. Ephx2-/- mice with 

streptozotocin-induced diabetes showed an increase in the rate of epithelial wound 

healing, decreased sensory nerve degeneration of corneas, and did not develop diabetes-

associated dry eye symptoms. The loss of sEH also restored wound-induced STAT3 

signaling and heme oxygenase-1 (HO-1) expression that were downregulated by 

hyperglycemic conditions. Similarly, sEH inhibition with subconjunctival 10 nM t-

AUCB or clinical candidate inhibitor GSK2256294A (Table 1.1) promoted epithelial 
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wound healing and restored HO-1 expression in diabetic mouse corneas (Sun, Lee et al. 

2018).  

Table 1.1: Soluble epoxide hydrolase inhibitors tested in ocular disease animal 
models 

Abbreviations: L-CNV, laser-induced choroidal neovascularization; LPS, lipopolysaccharide; OIR, 
oxygen-induced retinopathy; P, postnatal; sEHI, soluble epoxide hydrolase inhibitor 

sEH inhibitor (Reference) Routes Dose Model Reference 

t-AUCB (UC1471) (Hwang, Tsai et al. 2007) 
 

 

Oral 2 mg/L Mouse diabetic 
retinopathy, sEHI in 
drinking water for 10 
months 

 
(Hu, Dziumbla et 
al. 2017) 

Intravitreal 1–10 µM Mouse L-CNV, single 
sEHI injection 

(Sulaiman, Park et 
al. 2018) 

Intraperitoneal 2 mg/kg Mouse neonatal retinal 
angiogenesis, twice a 
day sEHI injections for 
postnatal (P) days 1-4 

(Hu, Popp et al. 
2014) 

Subconjunctival 10 nM Mouse diabetic 
keratopathy, single 
sEHI delivery 

(Sun, Lee et al. 
2018) 

TPPU (UC1770) (Rose, Morisseau et al. 2010) 

  

Intraperitoneal 0.3 
mg/kg 

Mouse OIR, daily 
sEHI injections from 
P12-P16 

(Gong, Fu et al. 
2016) 

Mouse L-CNV, daily 
sEHI injections from 
day 0-6 

Oral 1 mg/kg Mouse L-CNV, daily 
sEHI delivery from 3 
days before CNV 
induction to day 7 

(Hasegawa, 
Inafuku et al. 
2017)  

SH-11037 (Basavarajappa, Lee et al. 2015) 

  

Intravitreal  0.1–100 
µM 

Mouse ocular toxicity (Sulaiman, 
Merrigan et al. 
2016) 

1–10 µM Mouse L-CNV, single 
sEHI injection 

Systemic 
(In larvae 
water) 

1–10 µM Ocular angiogenesis in 
zebrafish larvae, sEHI 
treatment 2-5 days post 
fertilization  

Intravitreal 1 µM Mouse OIR, single 
sEHI injection 

(Basavarajappa, 
Lee et al. 2015)  

“Compound 7” (Shen, Ding et al. 2009) 
 
 

  

Intravitreal 10–30 
µM 

Mouse L-CNV, single 
sEHI injection 

(Sulaiman, Park et 
al. 2018) 

t-TUCB (UC1728) (Hwang, Tsai et al. 2007)  Subcutaneous 3 mg/kg Rabbit LPS-induced 
uveitis, daily sEHI 
injections 

(McLellan, Aktas 
et al. 2016) 

GSK2256294A (Podolin, Bolognese et al. 2013) 

 

Subconjunctival 10 nM Mouse diabetic 
keratopathy, single 
sEHI delivery 

(Sun, Lee et al. 
2018) 
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1.10 Summary and Dissertation Overview 

Age-related macular degeneration (AMD) is a retinal neurodegenerative disease, 

and it is the leading cause of blindness in older adults. The advanced form of the disease, 

neovascular AMD (nvAMD), which accounts for 90% of the blindness resulting from 

AMD (Rein, Wittenborn et al. 2009), is distinguished by choroidal neovascularization 

(CNV), aberrant blood vessel growth from the choroid into the retinal pigment epithelium 

(RPE) and neuroretina. Despite its name, CNV is properly defined as an abnormal tissue 

invasion of endothelial and inflammatory cells where both angiogenesis and 

inflammation contribute.  

Over the past decade, intravitreal anti-VEGF therapy has significantly advanced 

the treatment of neovascular eye diseases, including nvAMD. However, we have learned 

that targeting one pathway that is also involved in normal developmental and 

physiological processes poses limitations such as undesired adverse effects, 

tachyphylaxis and development of refractory nvAMD. Therefore, the development of 

novel therapeutic strategies is desired to address unmet needs in treatment. We previously 

used a forward chemical genetics approach using a lead anti-angiogenic small molecule 

and identified soluble epoxide hydrolase (sEH) as a target for inhibiting CNV. sEH, 

encoded by EPHX2, is a bifunctional enzyme with a C-terminal hydrolase function that is 

responsible for the hydrolysis of PUFA-derived EpFAs that have distinct bioactivities in 

pathological angiogenesis and inflammation (Park and Corson 2019). To this end, the 

hydrolase activity of soluble epoxide hydrolase (sEH) has been explored in the context of 

several eye diseases, although some conflicting results pose challenges for the synthesis 

of a common mechanism.  
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The objective of my thesis research is to determine sEH-mediated mechanisms 

that regulate CNV and preclinically validate sEH as a therapeutic target. Early in-depth 

target validation is critical in drug development to ensure that engagement of the target 

has a therapeutic benefit (Figure 1.4) (Hughes, Rees et al. 2011). Given that the kinetic 

mechanism of sEH inhibition by SH-11037 and the cellular role of sEH in CNV need to 

be further investigated, I proposed to elucidate drug-target interactions through enzyme 

kinetics, and I hypothesized that sEH is overexpressed by disease relevant retinal cells in 

CNV and targeting these cell types will suppress CNV.  

In following Chapter 2, methods used in experiments are described in detail. 

Chapter 3 covers the kinetic mechanism of sEH inhibition by SH-11037, revealing 

crucial mechanism of action and drug-target interaction information. Chapter 4 

establishes the relevance of sEH expression in retinal cell type involved in CNV 

development by defining the distribution of sEH expression in human nvAMD and 

murine L-CNV retinas. Chapter 5 addressed the hypothesis that sEH in the eye is 

required for CNV formation in vivo. Results from local sEH knockdown in the retina 

achieved through intraocular delivery of adeno associated virus mediated shRNA 

targeting Ephx2 are presented. Chapter 6 provides discussion of the results and addresses 

study limitations and future directions of the studies. 
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Figure 1.4: Approaches to target validation in early drug discovery.  
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CHAPTER 2. METHODS 

2.1 Overview 

In Chapter 2, each sub-chapter will describe research design and methods that 

align with the research aims. For the research objectives addressed in Chapter 3, 

methods of sEH inhibitor assay, enzyme kinetics experiments, and ex vivo sEH activity 

assay that were employed to answer the questions of drug-target interaction between SH-

11037 and sEH, are described in detail. For the research objectives of defining spatial 

expression pattern and cellular expression of sEH in Chapter 4, the methods of 

immunofluorescence and RNAscope in situ hybridization are described and justified in 

detail. For the research objectives of determining the effect of ocular sEH knockdown in 

vivo in a murine choroidal neovascularization in Chapter 5, the relevant methods 

including AAV delivery, laser-induced choroidal neovascularization mouse model, non-

invasive ophthalmic imaging, immunoblotting, and gene expression analysis are 

described in detail. Data analysis methods are also clarified, and the justifications of the 

research strategy chosen for each research objective are provided.  
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2.2 Tissue-based sEH Activity Assay using trans-Stilbene Oxide 

The sEH activity in tissue homogenates of untouched control and L-CNV eyes 

was assayed using trans-stilbene oxide (t-SO) as substrate. The assay is based on the 

hydrolysis of t-SO that is tracked as a decrease in the absorbance at 230 nm (Figure 2.1) 

(Archelas, Zhao et al. 2016), and it presents a rapid and accurate procedure for 

quantifying sEH activity in tissue extracts (Hasegawa and Hammock 1982, Charles, 

Burgoyne et al. 2011). The assay was employed under room temperature conditions and 

the change in absorbance was detected at 27 °C in the plate reader (Biotek). 

 

 
 
Figure 2.1: Reaction mechanism of trans-stilbene oxide with sEH. sEH dependent 
hydrolysis of the epoxide moiety of t-SO results in formation of (R, R)-t-SO and (S)-
styrene oxide.  
   

L-CNV was induced as described below in Chapter 2.6. After 3 days, enucleated 

eyes from both untreated and L-CNV mice were homogenized in 0.2 M sodium 

phosphate buffer, pH 7.4. To remove microsomal epoxide hydrolase and lenses, tissue 

extracts were centrifuged at 100,000×g for 30 minutes at 4°C. After protein estimation, 

100 µL of tissue supernatants (100 µg/mL) and 98 µL of SH-11037 or 7 dissolved in 

DMSO/buffer (final 1% (v/v) DMSO) were added to a UV-transparent 96-well plate. 

After 5 minutes of incubation at room temperature, 2 µL of t-SO in ethanol (100 µM final 
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concentration) was added to assay wells to initiate the reaction. The absorbance was read 

at 230 nm for 20 minutes. sEH activity was determined as follows: 

sEH Activity = [(A0 –  A20) – (B0 – B20)]/mg of protein in a reaction 

Where A0 and A20 are absorbance of test wells read at 230 nm at time 0 and 20 minutes 

respectively, and B0 and B20 are absorbance of background wells read at 230 nm at time 0 

and 20 minutes. This method was used in Chapter 3. 

 

2.3 sEH Inhibitor Assay 

In Chapter 3, small molecule inhibition of soluble epoxide hydrolase (sEH) 

enzymatic activity was evaluated to determine their half-maximal inhibitory 

concentrations. IC50 values were determined using the sEH inhibitor screening assay 

based on the synthetic, fluorogenic substrate PHOME (3-phenyl-cyano(6-methoxy-2-

naphthalenyl)methyl ester-2-oxiraneacetic acid) (Cayman Chemical) following the 

manufacturer’s instructions. The epoxide moiety of PHOME is hydrolyzed by epoxide 

hydrolase activity of sEH, leading to intramolecular cyclization and the release of 

cyanohydrin. The cyanohydrin rapidly decomposes into cyanide ion and the highly 

fluorescent 6-methoxy-2-naphthaldehyde that can be analyzed using an excitation 

wavelength of 330 nm and an emission wavelength of 465 nm (Figure 2.2) (Wolf, 

Morisseau et al. 2006). The assay was employed under room temperature conditions and 

the formation of fluorescent product was detected at 27 °C in the plate reader (Biotek, 

Winooski, VT). 

Various concentrations of compounds were tested for their inhibitory activities: 

SH-11037 (synthesized as described (Basavarajappa, Lee et al. 2015)), t-AUCB (Cayman 
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Chemical), SH-11098 (synthesized as described) and compound 7. Benzisoxazole sEH 

inhibitor 7 was synthesized according to a published method, and characterization 

matched published parameters (Shen, Ding et al. 2009). Purity of all synthesized 

compounds was >95% by HPLC. All the small molecule synthesis was performed and 

provided to us by our collaborator Dr. Seung-Yong Seo of Gachon University. 

Compounds were dissolved in DMSO (final DMSO concentration = 5% (v/v)). Activity 

was calculated according to: 

% Initial Activity = [(FI15 – FI0)/(FT15 – FT0)] x 100% 

Where FI is the background corrected fluorescence signal obtained in the presence of an 

inhibitor and FT is the background corrected fluorescence signal obtained for the total 

activity at times 0 and 15 minutes. IC50 values were calculated using GraphPad Prism v. 

7.0.  

 

Figure 2.2: Reaction mechanism of PHOME with sEH. sEH hydrolyzes the epoxy 
moiety of PHOME, resulting in a highly fluorescent product. With this, inhibition 
potency can be readily and sensitively analyzed.  
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2.4 sEH Enzyme Kinetics Assay 

In Chapter 3, enzyme kinetics studies were performed to elucidate the binding 

mechanisms of SH-11037 with sEH. Likewise, the assay was employed under room 

temperature conditions and the formation of fluorescent product was detected at 27 °C in 

the plate reader (Biotek, Winooski, VT). Various concentrations of SH-11037 or 

compound 7 were dissolved in DMSO (final DMSO concentration = 5% (v/v)) and 

human sEH (60 ng/mL final concentration; Cayman Chemical) in 25 mM bis-Tris-HCl 

buffer containing 0.1% (w/v) BSA were mixed in a 96 well plate. PHOME at indicated 

concentrations was added to the wells to initiate the reaction ([S]final = 30, 10, 3, 1 and 0 

µM). The amount of substrate turned over by the epoxide hydrolase activity was 

measured by reading the fluorescent product with an excitation wavelength of 330 nm 

and an emission wavelength of 465 nm. The standard curve plotted from dilutions of the 

product, 6-methoxy-2-naphthaldehyde, was used to convert fluorescence reading 

(RFU/min) to sEH activity (nmol product formed/min). Initial velocities were calculated 

by linear regression by obtaining the slope of the line from time = 5 to 15 minutes for 

each substrate concentration. Results were analyzed using SigmaPlot 13.0 to determine 

Michaelis-Menten kinetic parameters and the inhibitory constant, Ki value.  

Briefly, I conducted data analysis in the following three steps: 1) Measurement of 

reaction progress curves of product formation over time, to determine the rates from the 

linear portion of the reaction.  2) Construction of Michaelis-Menten plot of rate of 

reaction as a function of substrate concentration, and double-reciprocal (Lineweaver-

Burk) plot of inverse initial velocity as a function of the inverse of the substrate 

concentration in SigmaPlot. 3) Using Exploratory Enzyme Kinetics option in SigmaPlot, 
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fitting an appropriate equation to the data of the secondary plot to determine enzyme 

kinetics parameters, I generated direct linear plots and a numeric report to elucidate the 

type of inhibition. To analyze the non-competitive mixed inhibition, the Lineweaver-

Burk equation is written as following: 

1
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Secondary plots can be derived from following equation: 
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2.5 Human Retina 

For the Chapter 4 research aim of defining the localization of sEH expression in 

human nvAMD retinas, formalin fixed paraffin embedded (FFPE) retinal sections were 

prepared from human donor eyes from nvAMD and control subjects with no documented 

ocular pathology that were obtained from the National Disease Research Interchange 

(NDRI; Philadelphia, PA) through our collaborator, Dr. Michael Boulton at the University 

of Alabama - Birmingham. All human sample tissues were deidentified with full ethical 

approval for research use.  

2.6 Animals 

All mouse experiments were approved by the Institutional Animal Care and Use 

Committee, Indiana University School of Medicine and followed the guidelines of the 

Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of 

Animals in Ophthalmic and Visual Research. Wild-type C57BL/6J male mice, 6-8 weeks 

of age, were purchased from Jackson Laboratory (Bar Harbor, ME). The mice were 
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housed under standard conditions in the Indiana University Laboratory Animal Resource 

Center (LARC) (Wenzel, O'Hare et al. 2015). Sample sizes for experiments were based 

on power analyses, and treatments were randomly assigned by cage and animals. The 

experimenter was masked to treatment during analyses. 

 

2.7 Mouse Model for L-CNV  

Laser-induced choroidal neovascularization is a widely used preclinical model of 

CNV in nvAMD. The model utilizes an argon laser to administer targeted injury to the 

RPE and Bruch’s membrane, which results in blood vessel growth from the choroid into 

the subretinal space (Figure 2.3A). The image-guided laser system (Micron IV, Phoenix 

Labs) is established in our laboratory as a highly effective and reproducible tool for 

inducing CNV. Using the Micron IV, I also performed brightfield and fluorescence 

fundoscopy, which provides wide view image of the retina, optical coherence 

tomography (OCT), which enabled me to take cross-section images of the retina and 

fluorescein angiography (FA) which allows visualization of the vascular network (Fig. 

2.3B). This noninvasive in vivo retinal imaging method is detailed further in Chapter 

2.12. 

Mice were anesthetized by intraperitoneal injections of 90 mg/kg ketamine 

hydrochloride and 5 mg/kg xylazine mixture. Pupils of both eyes were dilated with 

topical drops of 1% tropicamide (Henry Schein Inc.) and 2.5% phenylephrine ophthalmic 

solution (Akorn, Lake Forest, IL). Corneas were kept lubricated with 2.5 % Gonak 

hypromellose ophthalmic solution (Akorn). The mouse was placed on the stage of a 

Micron IV Laser Injector (Phoenix Research Laboratories, Pleasanton, CA). By adjusting 
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the stage, the mouse was aligned to the camera and the iris and pupil were brought into 

focus. The Micron instrument was advanced forward while focusing on retinal features. 

Eyes were then subjected to 50 μm spot size, 70 ms, 250 mW pulses of the argon green 

ophthalmic laser coupled to the Micron IV ocular imager, resulting in 3 laser burns per 

eye approximately two-disc diameters from the optic disc (Figure 2.3AB).  In Chapter 3 

sEH activity assay using t-SO as a substrate, and Chapter 4 sEH expression analysis, 

mice received 10 laser burns. For this, eyes were enucleated on day 3 post laser and tissue 

samples were harvested for cryosectioning. In Chapter 5 sEH knockdown study, mice 

received 3 laser burns on day 7 post intravitreal injection of AAV, then the eyes were 

enucleated 14 days after laser and tissue samples were harvested for cryosectioning, 

choroidal flatmounts, protein and RNA analysis described below.  

 

 

 

 

 

 

 
Figure 2.3: Laser-induced choroidal neovascularization and noninvasive retinal 
imaging methods. (A) Laser-induced choroidal neovascularization (L-CNV).  
(B) Noninvasive retinal image techniques – brightfield fundoscopy, optical coherence 
tomography (OCT), fluorescein angiography (FA) from left to right. Three arrows in 
fundus and FA images indicate resulting laser lesions, and the arrow in the OCT image 
indicates a cross-section of a single lesion. GCL, ganglion cell layers; ONL, outer nuclear 
layer; RPE, retinal pigment epithelium. 
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2.8 Embedding and cryosectioning 

Corneas of enucleated mouse eyes were punctured with a 29G needle and the 

whole eye was fixed in 4% formaldehyde in PBS at 4 °C overnight. Fixed whole eye was 

dissected to remove cornea and isolate posterior cup of chorioretinal tissue, which was 

rinsed in PBS and immersed in a sucrose gradient. Tissue was then transferred to a 

cryomold containing Optimum Cutting Temperature compound (Fisher Scientific, 

Hampton, NH) and stored at -80 °C until sectioning. Samples were sectioned using a 

cryostat (Leica Biosystems, Wetzlar, Germany) at -20 ºC, with section thickness of 10 

µm and mounted on SuperFrost Plus Slides (Fisher Scientific). This method was used in 

Chapters 2 and 3. 

 

2.9 Immunofluorescence 

For immunostaining of FFPE human eye sections, sections were deparaffinized, 

rehydrated and underwent heat-induced antigen retrieval in which tissue slides were 

immersed in citrate buffer (Thermo Scientific, Waltham, MA) and heated (>95°C) for 5 

minutes. Sections were then washed with TBS and blocked in 10% DAKO diluent in 1% 

BSA in TBST for an hour at room temperature, then incubated overnight at 4 ºC with 

primary antibodies or lectins: mouse anti-sEH, A5 (1:100; Santa Cruz, Dallas, TX),  

Ricinus communis agglutinin I (FITC-labeled, 1:400 for human; Vector Labs, Malvern, 

PA), PNA biotin conjugate, L6135 (1:250; Sigma, St. Louis, MO), WGA Alexa Fluor 

647 conjugate, W32466 (1:250; Thermo Fisher, Waltham, MA),  rabbit anti-RPE65, 

ab231782 (1:400; Abcam, Cambridge, United Kingdom). The specificity of PNA binding 

to cone matrix domains and that of WGA binding to rod matrix domains in human retinas 
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have been well characterized in the literature (Sameshima, Uehara et al. 1987, Tien, 

Rayborn et al. 1992). Sections were then incubated with the following secondary 

antibodies for an hour at room temperature: goat anti-mouse IgG (H+L) Alexa Fluor 555, 

Streptavidin DyLight 488, or goat anti-rabbit IgG (H+L) Alexa Fluor 480 (each at 1:400, 

Thermo Fisher). After a brief wash in TBS and dehydration with ethanol and xylene 

treatments, sections were mounted with Vectashield mounting medium plus DAPI 

(Vector Biolabs).  

For the immunostaining of AAV-transduced fixed-frozen mouse retina, 

cryosections were prepared as described above. Sections were brought to room 

temperature and washed with PBS, then blocked in 2.5% BSA, 0.3% Triton-X 100 in 

PBS for 1 hour at room temperature. In Chapter 4 elucidating localization of sEH in 

retina, the sections were incubated with the following primary antibodies overnight at 4 

ºC: mouse anti-sEH, A5 (1:400; Santa Cruz), Ricinus communis agglutinin I (rhodamine 

labeled, 1:250, Vector Labs); rabbit anti-RPE65, ab231782 (1:500; Abcam); mouse anti-

rhodopsin, ab3424 (1:300; Abcam); rabbit anti-cone arrestin, AB15282 (1:500; Millipore, 

Burlington, MA); mouse-anti-calbindin, ab11426 (1:300, Abcam); rabbit anti-Brn3a, 

AB5945 (1:400; Millipore); and rabbit anti-vimentin PLA0199 (1:300; Sigma) diluted in 

10% (v/v) DAKO diluent in TBST/1% (w/v) BSA (only PBS/1% (w/v) BSA for human) 

(Table 2.1). In Chapter 5 elucidating localization of AAV induced retinal cells, the 

sections were incubated with the following primary antibodies overnight at 4 ºC: rabbit 

anti-RPE65, ab231782 (1:500; Abcam), mouse anti-rhodopsin, ab3424 (1:300; Abcam) 

and rabbit anti-cone arrestin, ab15282 (1:500; Millipore). Subsequently, sections were 

incubated with the following secondary antibodies for 1 hour at room temperature: goat 
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anti-mouse IgG (H+L) Alexa Fluor 555 or goat anti-rabbit IgG (H+L) Alexa Fluor 

(Thermo Fischer) diluted 1:400 (1:500 for human) in 10% (v/v) DAKO diluent in 

TBST/1% (w/v) BSA (only PBS/1% (w/v) BSA for human) for an hour at room 

temperature. Sections were washed in PBS and mounted with Vectashield mounting 

medium-plus DAPI. Images were acquired using the 20x objective of a Zeiss LSM 700 

laser scanning confocal microscope with ZEN imaging software. 

 

Antigen/Lectin Catalog # Company Dilution ratio (1:N) 
Human 
retina 

Mouse retina 

sEH A5 Santa Cruz 100 400, 1000 (IB) 
RCA RCA I Vector labs 400 250 
PNA L6135 Sigma 250 N/A 
WGA W32466 Thermo Fischer 250 N/A 
RPE65 ab231782 Abcam 400 500 
Rhodopsin ab3424 Abcam N/A 300 
Cone arrestin AB15282 Millipore N/A 500 
Calbindin ab11426 Abcam N/A 500 
Brn3a AB5945 Millipore N/A 400 
Vimentin PLA0199 Sigma N/A 300 
GS-IB4 I21411 Thermo Fischer N/A 250 
b-actin AC-49 Sigma-Aldrich N/A 5000 (IB) 

 

Table 2.1: Antibody and lectin information for the human and mouse retina 
immunofluorescence and immunoblotting (indicated in parentheses). 
 
 
 
 
 
 
 
 
 
 
 



 

 50 

2.10 RNAscope In Situ Hybridization 

For the spatial expression examination, RNAscope ISH was performed on both 

murine L-CNV and human nvAMD retinas to provide important information regarding 

gene expression and identify the cell of origin, in addition to information where the 

protein localizes and address limitations of antibody and immunohistochemistry methods. 

RNAscope is a recently developed ISH technique with high sensitivity and low 

background. RNAscope utilizes a unique probe system to amplify the signal from rare 

RNAs. Additionally, the double Z probe enables a significant reduction in nonspecific 

signal amplification. The assay was performed on FFPE human retina sections and frozen 

mouse retina sections as directed by the manufacturer (ACD, Advanced Cell Diagnostics, 

Newark, CA).  

Briefly, sections were treated with hydrogen peroxide, then antigen retrieval and 

protease digestion. After the pretreatment, RNAscope Multiplex Fluorescent Assay was 

performed to hybridize target-specific probes. RNAscope Hs-EPHX2 (Cat No. 558681) 

was used to detect human EPHX2 mRNA. RNAscope Mm-Ephx2 (Cat No. 558701) and 

Mm-Apoe (Cat No. 313271) were used to detect mouse Ephx2 mRNA and Apoe mRNA 

along with ACD universal negative control probe targeting the DapB gene (accession # 

EF191515) from the Bacillus subtilis strain SMY. After the hybridization, a three-step 

amplification process was performed followed by development of channel specific signal 

and binding of 570 Opal fluorophore, SKU FP1488001KT (1:500, Akoya Biosciences, 

Marlborough, MA) for EPHX2/Ephx2 mRNA and 520 Opal fluorophore, SKU 

FP1487001KT (1:500, Akoya Biosciences) for Apoe mRNA. Sections were then 

counterstained with DAPI for nuclear identification and cover slipped using antifade 
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mountant, Fluoromount-G (SouthernBiotech, Birmingham, AL). Slides were imaged on a 

Zeiss LSM 700 laser scanning confocal microscope with ZEN imaging software. To 

allow quantitative and qualitative comparisons, standardized settings remained constant. 

Using a 20x objective, images providing coverage across retina, RPE and choroid were 

obtained. In addition, a higher magnification oil immersion objective was used to acquire 

cell layer specific detection of mRNA signals. This method was used in Chapter 2. 

 

2.11 Generation of AAV8 Vectors 

Adeno-associated virus serotype 8 (AAV8) vector is well known to transduce 

photoreceptor and RPE cells (Lee, Kim et al. 2018), and was therefore selected to target 

the CNV and disease relevant cells for delivering shRNA against Ephx2. Mouse Ephx2 

shRNA (5′-GCCATGGAATTGCTGTGTAAGTTCAAGAGACTTACACAGTAA 

TTCCATGGCTTTTTT-3′) and non-targeting scrambled shRNA constructs were cloned 

into a pAV CMV-mCherry vector under the control of a U6 promoter, and these were 

packaged into AAV serotype 8 by Vigene Biosciences (Rockville, MD). Briefly, the 

transfer plasmid/s, the Rep/Cap and the Helper plasmid were co-transfected into HEK293 

cells. After 70 hours, the cells were collected and lysed by a freeze and thaw cycle. The 

crude lysate was clarified by centrifugation and the viral particles were purified via 

ultracentrifugation in an iodixanol gradient to remove impurities and empty viral capsids 

for safe use in vivo. After collection from the gradient, the viral titer was then determined 

using quantitative PCR with primers to the inverted terminal repeats present in the viral 

genome, and viral particles were buffer exchanged into 1 x PBS, 0.01% Pluronic F-68 

and stored at -80°C prior to use. This method was used in Chapter 3. 
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2.12 Intravitreal Injection 

Pupils of both eyes were dilated with topical drops of 1% tropicamide (Henry 

Schein Inc., Melville, NY) and 2.5% phenylephrine ophthalmic solution (Akorn). Mice 

were anesthetized by intraperitoneal injections of 90 mg/kg ketamine hydrochloride and 5 

mg/kg xylazine mixture. 0.5% tetracaine hydrochloride ophthalmic solution (Bausch & 

Lomb, Laval, QC, Canada) was applied for topical anesthesia. Anesthetized mice were 

positioned on a stereotaxic instrument with a head holder (World Precision Instruments, 

Sarasota, FL) and mice were held in position by inserting the ear and tooth bars. Mice 

were then placed on the platform of a Nikon stereomicroscope (SMZ745/SMZ745T). A 

small incision was made thorough the limbus using a 30-G insulin syringe needle. A 

Hamilton syringe with 33-G needle was inserted carefully into the vitreous body without 

damaging the lens. 4.9 x 106 GC or 1.9 x 107 GC of viral vectors or PBS vehicle control 

in a total volume of 0.5 µL was intravitreally injected. This method was used in Chapter 

3. 

 

2.13 In vivo retinal imaging 

Mice were anesthetized, pupils were dilated, and corneas were lubricated under 

the same condition as L-CNV described above. The Micron IV ocular imager was used 

for in vivo retinal imaging – bright-field fundus, OCT, fluorescent fundus, and 

fluorescein angiography (Figure 2.3B). Simultaneous bright-field live fundus images and 

OCT scans were acquired to assess retinal features and to visualize CNV lesion 

development in cross-sectional retinal layers. Several horizontal and vertical OCT scans 

per lesion were taken to calculate CNV lesion volume as previously described. Briefly, 
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using the OCT imaging system, both the horizontal and vertical plans of the each of laser-

induced lesion are obtained. Then the radii a (width) and b (depth relative to the retina) 

measured from the horizontal OCT scan, and the radius c (length) measured from the 

vertical OCT scan were plugged into an ellipsoid volume equation to calculate the lesion 

volume (V) as following (Sulaiman, Quigley et al. 2015).  

𝑉 = 	
4
3 p𝑎𝑏𝑐	 

Fluorescent fundus imaging of mCherry was performed to assess in vivo AAV 

transduction. Fluorescein angiography by i.p. injection of 100 µL of 10% fluorescein 

sodium (Fisher Scientific) was performed to assess vascular leakage resulting from L-

CNV. Images were acquired using the manufacturer’s image acquisition software. This 

method was used in Chapter 3. 

 

2.14 Choroidal flatmounts and ex vivo CNV lesion quantification 

On day 14 post L-CNV induction, mice were euthanized by isoflurane overdose 

followed by cervical dislocation. The eyes were enucleated and fixed in 4% PFA in PBS 

for 1 h at 4°C. The anterior portion, including lens and the retina, were removed, then the 

posterior eyecups were dissected out and underwent further fixation in 4% PFA in PBS 

overnight. The fixed eyecups were washed in blocking buffer (0.3% Triton X-100, 5% 

bovine serum albumin [BSA] in PBS) for 2 h at 4°C. The eyecups were then stained for 

vasculature using Alexa Fluor 488 conjugated-GS-IB4 (Molecular Probes, Thermo Fisher 

Scientific) at 1:250 dilution in buffer containing 0.3% Triton X-100, 0.5% BSA in PBS, 

overnight at 4°C. The posterior eyecups were washed three times with PBS and mounted 

in VectaShield fluorescent mounting medium (Vector Labs) and cover slipped. Confocal 
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imaging and analysis of L-CNV lesion volume were performed as previously described 

(Sulaiman, Merrigan et al. 2016): Choroidal flatmount images were acquired using a 

Zeiss LSM 700 laser scanning confocal microscope with ZEN imaging software. Three z-

stack images that are equal distance apart were acquired. The area measurements were 

performed using the freehand tool in ImageJ software. The areas were averaged and 

multiplied by height to obtain the lesion volume. This method was used in Chapter 3. 

 

2.15 Immunoblotting 

In Chapter 2, mice were sacrificed 3 days post L-CNV.  In Chapter 3, mice were 

sacrificed 21 days post injection of 1.9 x 107 GC AAV8-Ephx2 shRNA or AAV8-

scrambled shRNA control, or PBS vehicle control. The eyes were enucleated, placed 

immediately in ice-cold 1X PBS, and dissected under a microscope to remove optic nerve 

and periocular tissue, followed by removal of cornea and lens to obtain the posterior cup 

of the chorioretina. The neuroretina and RPE/choroid tissues were gently separated and 

then snap frozen. Tissue lysates were prepared by homogenizing the tissue in RIPA 

buffer (Sigma-Aldrich, St. Louis, MO) with protease inhibitor cocktail (Roche, Basel, 

Switzerland), and then centrifuged at 12,000 rpm for 15 minutes at 4 °C. The supernatant 

was recovered, and the total protein concentration was determined using the Protein 

Assay Dye Reagent Concentrate (Bio-Rad). Immunoblotting was performed as following:  

Electrotransferred PVDF membranes were incubated with murine antibody against sEH 

(A-5, sc-166561, Santa Cruz, 1:1000) overnight at 4 °C. As a loading control, membranes 

were incubated with murine antibody against b-actin (AC-40, Sigma-Aldrich, 1:5000) for 

1 hour at room temperature. Prior to immunoblotting for b-actin, Restore Western Blot 
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Stripping Buffer (Thermo Scientific) was used according to the manufacturer’s protocol 

to strip the membrane. Secondary antibody was horseradish peroxidase (HRP)-

conjugated goat-anti-mouse IgG (1:10,000, Jackson ImmunoResearch, West Grove, PA) 

for 1 hour at room temperature. Signals were detected using ECL immunoblotting 

detection reagents (Amersham, Amersham, United Kingdom) on a c600 imaging system 

(Azure biosystems, Dublin, CA). The bands were quantified by densitometry using 

ImageJ software.  

2.16 Mouse eye RNA extraction and qPCR 

Mice treated with AAV and L-CNV were sacrificed 21 days post injection. The 

eyes were enucleated, and the retina and choroid tissues were separated using the 

dissection procedure described above. The retina or choroid tissue was placed in 500 µL 

of TRIzol reagent and homogenized by a tissue grinder and vortexing. Total RNA was 

isolated using the TRIzol reagent according to the manufacturer’s instructions (Thermo 

Scientific). To clean up RNA, RNA Clean & Concentrator kit was used according to the 

manufacturer’s protocol (Zymo Research, Irvine, CA). cDNA synthesis was carried out 

on 400 ng total RNA using the iScript cDNA synthesis kit (Bio-Rad) as per the 

manufacturer’s protocol. qRT-PCR reactions were prepared using TaqMan Fast 

Advanced Master Mix, TaqMan gene specific probe (Thermo Fisher) and cDNA in 

nuclease free water. All TaqMan probe sets are listed in Table 2.2. A ViiA 7 Real-Time 

PCR system (Thermo Fisher) was used to perform qPCR under the following conditions: 

hold at 50 °C for 2 min, hold at 95 °C for 2 min, and 40 cycles of denature at 95 °C for 1 

sec and anneal/extend at 60 °C for 20 sec. 
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Target Primer 
Ccl2 Mm00441242_m1 

Ephx2 Mm01313813_m1 
Hprt Mm03024075_m1 

Icam1 Mm00516023_m1 
Il1b Mm00434228_m1 
Il6 Mm00446190_m1 
Tbp Mm01277042_m1 
Tnfa Mm00443258_m1 

VegfC Mm00437310_m1 
Table 2.2: Gene expression assays used in studies 

 
2.17 Statistics 

For Chapter 3, the rate of enzymatic reaction was analyzed with the GraphPad 

Prism software using a linear regression model. Enzyme inhibition data were analyzed 

with the Exploratory Enzyme Kinetics option in SigmaPlot. With this, the direct linear 

plot, secondary plots, and a numeric report were created to determine Michaelis-Menten 

kinetics parameters and define the type of inhibition. In the ex vivo sEH activity assay, 

the data were analyzed with GraphPad Prism software using one-way analysis of variance 

(ANOVA) with Tukey’s post hoc tests, and the results were presented as mean ± SEM. 

Values of p<0.05 were considered statistically significant. For Chapter 5, 

immunoblotting, OCT L-CNV lesion volume quantification, choroidal flatmount lesion 

volume quantification, and qPCR gene expression data were analyzed with the GraphPad 

Prism software using one-way ANOVA with Tukey’s post-hoc tests. Likewise, p<0.05 

was considered statistically significant. 
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CHAPTER 3. MECHANISTIC ENZYMOLOGY OF sEH INHIBITION 

3.1 Overview 

In the forward chemical genetics approach of drug discovery, the process starts 

from identifying small molecules with the ability to generate a desired phenotype in a 

biological system and proceeds through rounds of structural changes and optimization to 

develop a lead compound with pharmacological properties. In the later step, a cellular 

target that interacts with the compound is identified. Our group previously has taken this 

approach to develop an anti-angiogenic small molecule SH-11037 and discovered sEH as 

its cellular target. However, quantitative measurement of how SH-11037 performs 

against sEH, and the precise mechanism of inhibition remained elusive. In the present 

chapter, I tested the hypothesis that SH-11037 binds to sEH and inhibits the enzymatic 

activity of sEH. Using an epoxide hydrolase spectrophotometric activity assay, I 

demonstrated that in vitro treatment of eye tissue homogenates with SH-11037 or a 

previously known sEH inhibitor inhibited sEH catalytic hydrolase function. Then, I 

assessed the inhibitory activity of SH-11037 in the recombinant sEH activity assay using 

a fluorogenic substrate and characterized IC50 values of SH-11037 and other known sEH 

inhibitors. Lastly, I discovered the mode of inhibition – mixed noncompetitive inhibition 

and Ki value of SH-11037 through enzyme kinetics studies, providing crucial information 

regarding drug potency and selectivity against its target.  
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3.2 Background and Rationale 

Enzymes are physiological catalysts involved in all life processes, including 

metabolism, cellular signaling, cell growth and division. An enzyme inhibitor is any 

substance that reduces the velocity of an enzyme-catalyzed reaction. Enzymes are 

appealing drug targets because of their well-defined substrate-binding pockets that can be 

utilized as binding sites for enzyme inhibitors (Rufer 2021). Indeed, enzymes now make 

up roughly one-third or more of the drug targets in the portfolios of the pharmaceutical 

industry, and small-molecule enzyme inhibitors have demonstrated therapeutic and 

commercial success (Holdgate, Meek et al. 2018). In the process of drug discovery and 

development, it is essential to understand the reaction mechanisms of enzymes and the 

molecular mode of action of enzyme inhibitors. Thus, quantitatively measuring how the 

compound performs against its target and performing enzyme kinetics studies are 

indispensable components of ensuring the potency, efficacy and safety of novel drugs 

(Rufer 2021).  

Corson lab previously utilized a forward chemical genetics approach to drug 

discovery, which involved identification of a small molecule cremastranone with the 

ability to suppress angiogenesis and proceeded through rounds of optimization to 

discover a compound SH-11037 with greater potency and selectivity for endothelial cells 

(Basavarajappa, Lee et al. 2015, Sulaiman, Merrigan et al. 2016) Then, using SH-11037 

based affinity reagents, we identified sEH as a cellular target of SH-11037 (Sulaiman, 

Park et al. 2018). However, the knowledge regarding potency and selectivity of SH-

11037 against sEH, and the precise drug-target interaction remained unknown. It was 

recognized that addressing these questions would provide the information required to 
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conceptualize the type of inhibitor and successfully optimize the lead compound in the 

future. 

The objectives of studies presented in Chapter 3 are to measure the inhibitory 

activity of sEH inhibitors, including SH-11037 quantitatively, and investigate the 

molecular mode of action of enzyme inhibition by SH-11037 for the first time. I 

characterized half-maximal inhibitory concentration (IC50) and inhibition constant (Ki), 

elucidating both the inhibitory activity and potency of SH-11037 against sEH. By 

combining classical concepts of enzymology with new data analysis methods, I identified 

kinetic parameters of sEH inhibition and revealed SH-11037 as a mixed noncompetitive 

inhibitor of sEH. 
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3.3 Results 

3.3.1 SH-11037 inhibits sEH activity in murine eye tissue homogenates  

To assess the inhibitory activity of SH-11037 in eye tissue, I collected tissue 

lysates from mice 3 days post-L-CNV and untreated control mice. To assess the cellular 

sEH activity in the tissue lysate, I used a spectrophotometric assay in which sEH 

dependent hydrolysis of the substrate trans-stilbene oxide (t-SO) can be measured as a 

change in absorbance at 230 nm. To test the inhibitory activity of SH-11037 on the 

cellular sEH activity, I incubated the isolated murine eye tissue lysates with SH-11037 

and a known sEH inhibitor compound 7 (Shen, Ding et al. 2009) as a positive control. 

The change in t-SO absorbance was greater after laser induction compared to no laser, 

untreated control, indicating the upregulation of sEH activity under the disease state. 

Moreover, t-SO absorbance change was significantly reduced by SH-11037 or compound 

7 treatment, indicating inhibitory activities of these compounds on cellular sEH activity 

ex vivo (Figure 3.1).  
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Figure 3.1: Ex vivo treatment of eye tissue homogenates with SH-11037 or 
compound 7 inhibits cellular sEH activity. sEH activity is up-regulated in L-CNV eye 
lysates (*P < 0.05) and normalized by 20 μM SH-11037 or 7 treatment (***P < 0.001), as 
indicated in a trans-stilbene oxide enzymatic activity assay performed 3 days post-laser-
treatment. Mean ± SEM, ANOVA with Tukey’s post hoc tests. Pooled data from three 
experiments, n = 6-9 eyes per condition per experiment. 
 

3.3.2 SH-11037 inhibits recombinant human sEH activity  

Upon determining the inhibition of the epoxide hydrolase activity in the tissue 

lysate with SH-11037 and a known sEH inhibitor compound 7, I aimed to assess 

quantitative metrics of inhibitory activity of SH-11037, IC50 values, to investigate the 

functional strength of SH-11037 against the purified target enzyme. I used recombinant 

human sEH and the fluorogenic substrate, PHOME (3-phenyl-cyano(6-methoxy-2-

naphthalenyl)methyl ester-2-oxiraneacetic acid) (Cayman Chemical) in the enzyme 

activity assay, in which epoxide hydrolysis releases a fluorescent product, 6-methoxy-2-

naphthaldehyde. With this, I tested whether the compound interferes with the epoxide 

hydrolase activity of recombinant human sEH, compared to known sEH inhibitors. 

Trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (t-AUCB) is a urea 
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based specific inhibitor of the epoxide hydrolase activity of sEH, widely used in 

preclinical studies. Meanwhile, 7-(trifluoromethyl)-N-(4-(trifluoromethyl)phenyl) 

benzo[d]isoxazol-3-amine (compound 7), is a structurally distinct benzisoxazole inhibitor 

with excellent potency and pharmacokinetic properties (Hwang, Tsai et al. 2007, Shen, 

Ding et al. 2009, Park and Corson 2019).  

To test whether these effects are specific to SH-11037, I included a negative 

control SH-11098, which is an inactive homoisoflavonoid analog of SH-11037 that 

showed no activity in angiogenesis assays in vitro and is distinguished from SH-11037 as 

it lacks the Boc-Phe group on the C3’ position of the B-ring and one of the methoxy 

groups on the A ring (Basavarajappa, Lee et al. 2015). Additional known sEH inhibitors, 

compound 7 and t-AUCB were included as positive controls (Table 3.1). Interestingly, 

SH-11037 inhibited sEH enzymatic activity in a concentration-dependent manner with an 

IC50 value of 0.15 µM (Figure 3.2), although not as potently as t-AUCB or compound 7. 

SH-11098, related compound used as a negative control had minimal inhibitory activity, 

suggesting that structural features of SH-11037 specifically interact with sEH. 

 

Figure 3.2: SH-11037 is an sEH inhibitor. SH-11037, but not its inactive analog SH-
11098, significantly suppressed recombinant human sEH enzymatic activity, IC50 = 0.15 
μM (SH-11098 IC50 > 10 μM). The specific sEH inhibitors t-AUCB and compound 7 
were used as positive controls, IC50 = 9.5 nM for each. Mean ± SEM from triplicate wells 
shown. Representative of n=3 independent experiments. 
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Compound Structure Human sEH IC50 
SH-11037 

 
(Basavarajappa, Lee et al. 2015) 0.15 µM 

Compound 7 
 

(Shen, Ding et al. 2009)  9.5 nM 

t-AUCB 
 

(Hwang, Tsai et al. 2007) 
  

9.5 nM 

SH-11098 (Basavarajappa, Lee et al. 2015) > 10 µM 

 
Table 3.1: Chemical structures and IC50 values of sEH inhibitors 

 
 

3.3.3 SH-11037 is a mixed noncompetitive inhibitor of sEH 

Through recombinant sEH activity assay and obtaining IC50 values, I was able to 

demonstrate concentration-response analyses. While useful, IC50 values have limitations. 

IC50 value is not reflective of inhibitor affinity because the value of IC50 is affected by 

experimental conditions, particularly the substrate concentration. For example, the IC50 
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kinetics to effectively profile properties of SH-11037 and gain insight into the mode of 

inhibition that mediates drug efficacy.   

Following the determination of the rate of reaction through linear regression of 

enzyme activity under different substrate concentrations with the range of inhibitor 

concentrations, I constructed a Michaelis-Menten plot of rate of reaction as a function of 

substrate concentration (Figure 3.3A), and double-reciprocal (Lineweaver-Burk) plot of 

initial inverse velocity as a function of the inverse of the substrate concentration (Figure 

3.3B). Enzyme kinetics analysis showed that increasing concentrations of SH-11037 

decreased Vmax and increased KM, with Ki = 1.73 ± 0.45 µM. Increased KM with 

increasing concentrations of SH-11037 indicates that a higher concentration of substrate 

is required to attain enzymatic rate, which is a characteristic of competitive inhibition; 

however, there is also a decrease in Vmax in the presence of SH-11037, indicating SH-

11037 binding to both the enzyme and enzyme-substrate complex with different 

affinities, though the increase in KM indicates that SH-11037 has a greater affinity for the 

enzyme than to the enzyme-substrate complex (Figure 3.3A, B).  

Given these complexities, I used the Exploratory Enzyme Kinetics option in 

SigmaPlot to obtain secondary plots to confirm if Michaelis-Menten kinetics are satisfied 

and to characterize the type of inhibition. In the Dixon plot, a noncompetitive inhibitor 

extrapolates straight lines converging on the axis at - Ki at different concentrations of the 

substrate, whereas a competitive inhibitor gives lines intersecting at single point (-Ki 

values) in the fourth quadrant at different substrate concentrations. For SH-11037, the 

lines did not converge on the axis, but intersected at a single point in the second quadrant. 

This indicated that sEH is a mixed-type inhibitor (Figure 3.3C). As well, the secondary 
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plots of KMapp/Vmaxapp and 1/ Vmaxapp as a function of [SH-11037] fit the mixed inhibition 

model where two inhibition constants intercept at the inhibitor axis (Figure 3.5A, B). 

Compound 7 is also a mixed-type inhibitor (Figure 3.4 A-C, 3.5C and D) with a Ki = 19.6 

± 5.4 nM (Figure 3.4C).  
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Figure 3.3: Michaelis-Menten and Lineweaver Burk plots of SH-11037 inhibition of 
sEH. (A) Michaelis−Menten kinetic response plot for sEH-mediated hydrolysis of 
fluorogenic substrate, PHOME, for varying SH-11037 concentrations. (B) 
Lineweaver−Burk plot of these data shows that increasing concentrations of SH-11037 
decreased Vmax and increased KM, revealing that SH-11037 is a mixed-type inhibitor of 
sEH (C) Ki = 1.73 ± 0.45 µM is illustrated on Dixon plot of reciprocal rate of reaction 
(1/Rate), against the inhibitor concentration, at different substrate concentrations. 
Representative results from at least two independent experiments. Mean ± SEM from 
triplicate wells shown from n = 3 independent experiments. 
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Figure 3.4: Michaelis-Menten and Lineweaver Burk plots of Compound 7 inhibition 
of sEH. (A) Michaelis−Menten kinetic response plot for sEH-mediated hydrolysis of 
fluorogenic substrate, PHOME, for varying compound 7 concentrations. (B) 
Lineweaver−Burk plot of these data shows that increasing concentrations of compound 7 
decreased Vmax and increased KM, revealing that compound 7 is a mixed-type inhibitor of 
sEH. (C) Ki = 19.6 ± 5.4 nM is illustrated on Dixon plot of reciprocal rate of reaction 
(1/Rate), against the inhibitor concentration, at different substrate concentrations. 
Representative results from at least two independent experiments. Mean ± SEM from 
triplicate wells shown from n = 3 independent experiments. 
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Figure 3.5: Secondary plots for enzyme kinetic analyses. The apparent 
KM/Vmax data fit the expected profiles for mixed-type inhibition by SH-11037 and 
compound 7. Secondary plots of (A) KMapp/Vmaxapp and (B) 1/Vmaxapp vs. [SH-11037] fit the 
curves expected for mixed-type inhibition.  Secondary plots of (C) KMapp/Vmaxapp and (D) 
1/Vmaxapp vs. [Compound 7] fit the curves for mixed-type inhibition.  
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3.4 Discussion and Conclusions 

Here, I quantitatively assessed the inhibitory activity of SH-11037 against sEH 

and uncovered the mode of enzyme inhibition by SH-11037 for the first time. By doing 

so, I presented different methods of drug-target evaluation and provided knowledge for 

future optimization of this lead compound. The noncompetitive mixed inhibition mode by 

SH-11037 is interesting considering the reaction mechanism by sEH in epoxide 

hydrolysis. Mixed inhibition contains competitive and uncompetitive inhibition 

components, indicating binding to both the enzyme and enzyme substrate complex.  

The catalytic mechanism of sEH proceeds as a nucleophilic attack onto the 

epoxide substrate by an Asp residue, which results in a tetrahedral intermediate, requiring 

activated water to release the diol and regenerate free enzyme (Borhan, Jones et al. 1995). 

Given that sEH has two substrates (in my assay, the fluorogenic substrate 3-phenyl-

cyano(6-methoxy-2-naphthalenyl)methyl ester-2-oxiraneacetic acid [PHOME] and 

water), and involves a covalent intermediate, it is possible that SH-11037 may bind and 

stabilize an enzyme species late in the catalytic cycle that is still in conformational 

equilibrium with the free enzyme. SH-11037 binding in the active site of such an enzyme 

species may not compete with the substrates (Shen and Hammock 2012). 

The binding affinity of SH-11037 is also supported by a docking study performed 

by our collaborator Dr. Samy Meroueh at Indiana University. Molecular docking of SH-

11037 to sEH (Figure 3.5A) shows a binding mode in which the compound occupies 

nearly the entire active site of the enzyme. The homoisoflavonoid portion of SH-11037 

occupies the site where the catalytic Asp335 and Tyr466 residues of sEH are located 

(Borhan, Jones et al. 1995). Both aromatic rings of the homoisoflavonoid are involved in 
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π-π interactions with sEH residues, including His524 and Trp336 (Figure 3.5B). The 

benzyl substituent of the peptide moiety of SH-11037 is ensconced into a hydrophobic 

cavity created by Trp473, Met503, Ile363, and Phe362.  This supports the enzyme 

kinetics results that showed binding affinity of SH-11037 towards the enzyme complex in 

addition to the enzyme-substrate complex. 

 

 
Figure 3.6: SH-11037 binds to sEH in an energetically favorable mode. (A) SH-
11037 (yellow) docks in the substrate-binding cleft of sEH, as shown in this stereoview. 
Key residues are shown in green. (B) 2D interaction diagram for docked SH-11037. The 
protein “pocket” is displayed with a line around the ligand, colored with the color of the 
nearest protein residue. The π−π stacking interactions are shown as green lines. Figure 
adapted from (Sulaiman, Park et al. 2018) 
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cavity created by Trp473, Met503, Ile363, and Phe362.  This supports the enzyme 

kinetics results that showed the binding affinity of SH-11037 towards the enzyme 

complex in addition to the enzyme-substrate complex. Taken together, these findings 

indicate that SH-11037 represents a novel, distinct chemotype from known sEH 

inhibitors. With the confidence that an antiangiogenic small molecule, SH-11037, binds 

and inhibits sEH, I next went on to investigate the role of this druggable target protein in 

disease states mediated by angiogenesis.  
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CHAPTER 4. CELLULAR EXPRESSION OF sEH IN MURINE CHOROIDAL 

NEOVASCULARIZATION AND HUMAN NEOVASCULAR AGE-RELATED 

MACULAR DEGENERATION  

4.1 Overview 

Soluble epoxide hydrolase expression has been characterized in numerous tissues 

and dysregulation of sEH expression is a feature of multiple retinal diseases. Yet, 

mechanistic understanding of sEH at the cellular level in CNV of nvAMD is limited. 

Because the retina is a highly structured system with numerous cell types with distinct 

functions, understanding the spatial expression pattern of a potential therapeutic target is 

crucial. Given this knowledge gap about which retinal cells express sEH under the 

disease state, I aimed to define the localization and cellular origin of sEH through 

immunohistochemical and RNAscope in situ hybridization analysis in human nvAMD 

and murine laser induced CNV (L-CNV) retinas. Costaining of sEH with major retinal 

cell type markers revealed that sEH is overexpressed in CNV lesions, photoreceptors and 

RPE cells in areas with degenerative changes. By RNAscope, EPHX2/Ephx2 mRNA 

encoding sEH was also highly expressed in the pathological conditions compared to 

controls. EPHX2/Ephx2 mRNA was seen in the inner nuclear layer, outer nuclear layer 

and RPE of the normal and diseased human and mouse retina. My study revealed sEH 

protein and mRNA overexpression in the retinal pigment epithelium (RPE), vasculature 

and photoreceptors in retinas under the AMD relevant stimuli. 
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4.2 Background and Rationale 

The retina is comprised of distinct cellular layers of neurons, cell types, and 

vasculature that cooperate to process visual information to the brain (Figure 1.1). In 

addition to this complexity of cell types, the retina is subject to a host of cell type specific 

disorders, including AMD. CNV in nvAMD involves pathological changes within 

photoreceptors, RPE, Bruch’s membrane and the choroid, underlying visual impairment. 

Therefore, knowing the localization of the therapeutic target expression is critical for 

unraveling the mechanistic role of the druggable target in the CNV pathology, and 

developing optimal therapeutic strategies.  

sEH is widely expressed in various tissues, with the highest levels of expression 

seen in liver, kidney, and brain in neuronal cell bodies and astrocytes (Sura, Sura et al. 

2008, Norwood, Liao et al. 2010). In the developing mouse retina, sEH is 

immunolocalized notably to Müller glial cells (Hu, Popp et al. 2014) and in oxygen-

induced retinopathy in neonatal mice, expression is seen in retinal ganglion cells, 

neovessels, and inner nuclear layer neurons in retina (Shao, Fu et al. 2014). 

Overexpression of sEH is implicated in the progression of nonproliferative diabetic 

retinopathy in hyperglycemic Ins2Akita mouse retinas and in the retinas and vitreous of 

human diabetic patients (Hu, Dziumbla et al. 2017). We had previously demonstrated that 

sEH is overexpressed in tissue homogenates of L-CNV (Sulaiman, Park et al. 2018), but 

it is difficult to compare analysis from whole retina or choroid tissue homogenates to 

immunohistochemistry data from other studies with different disease models in highly 

structured organs such as the retina that is involved in cell type specific disorders.  
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Thus, there is a knowledge gap involving where the sEH is expressed in the retina 

under the disease state (CNV) involved in nvAMD. Additionally, given the differences in 

structure and gene expression between human and mouse retinas, there needs to be 

expression profiling study conducted in both human and mouse retinas to address any 

differential expression that may arise. Here, I tested the hypothesis that sEH is expressed 

in retinal cell types involved in the CNV pathology. I profiled sEH expression at the 

protein level in several major retinal cell types through immunohistochemistry, and 

further validated these results at the single-cell mRNA level through RNAscope in situ 

hybridization (ISH). As a result, my study revealed that sEH is highly expressed in the 

photoreceptor and RPE cells at the protein and mRNA level in CNV. These disease-

relevant cell types overexpressing sEH suggest a functional role of sEH in AMD 

pathophysiology and provide a context to target these cell types for developing 

pharmacotherapies.  
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4.3 Results 

4.3.1 Immunolocalization of sEH in murine retinas 

I aimed to build on our previous findings that sEH is overexpressed in the 

vasculature of L-CNV lesions in mouse retinas and human nvAMD retinas (Sulaiman, 

Park et al. 2018). To define the localization of sEH upregulation in murine retinas 

undergoing CNV, I immunostained for sEH and other markers of retinal cell types in 

retina cross sections of untreated C57BL/6J adult mouse eyes or in eyes of mice that had 

undergone L-CNV, three days post-laser: RPE (RPE65), cone photoreceptor cells (cone 

arrestin), rod photoreceptor cells (rhodopsin), Müller glia (vimentin), horizontal cells 

(calbindin), and retinal ganglion cells (Brn3a). Interestingly, the pattern of sEH 

expression in adult murine retina undergoing CNV was different than what was reported 

in developing mouse retina, and other retinal disease models that identified Müller glial 

cells as a major cell type expressing sEH (Hu, Popp et al. 2014, Shao, Fu et al. 2014). 

Instead, there was a prominent colocalization with rod photoreceptors in the eyes of L-

CNV mice compared to controls (Figure 4.1), and sEH partially colocalized with RPE65 

(Figure 4.2), but not with markers of other retinal cell types, including retinal ganglion 

cells, horizontal cells, Müller glial cells, and cone photoreceptors (Figure 4.3A-D). 

Collectively, my findings demonstrated that upregulated sEH under CNV stimuli is 

highly expressed in rod photoreceptor cells and their outer segments and apical and basal 

regions of the RPE cells.  
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Figure 4.1: Upregulation and colocalization of sEH with rod photoreceptors in the 
eyes of mice undergoing choroidal neovascularization. Representative images of 
retinal sections from L-CNV (3 days post-laser-treatment) and control eyes stained with 
DAPI (blue), sEH (magenta), and rod photoreceptor cell marker rhodopsin (green). Scale 
bars = 50 µm. IgG is a negative control with preimmune primary antibodies. GCL, 
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, 
photoreceptor inner/outer segments. Representative images from n = 3 untouched eyes 
and n = 3 L-CNV eyes. 
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Figure 4.2: Colocalization of sEH with apical and basal surface of RPE cells in 
murine retinas undergoing choroidal neovascularization. Representative images of 
retinal sections from L-CNV (3 days post-laser-treatment) and control eyes stained with 
DAPI (blue), sEH (magenta), and RPE cell marker RPE65 (green). Scale bars = 50 µm. 
IgG is a negative control with preimmune primary antibodies. GCL, ganglion cell layer; 
INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer 
segments. Representative images from n = 3 untouched control eyes mice and n = 3 L-
CNV eyes. 
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Figure 4.3: Immunolocalization of sEH with other retinal markers. Representative 
images of retinal sections from L-CNV (3 days post-laser treatment) and control eyes 
stained with DAPI (blue), sEH (magenta), and (A) horizontal cells (calbindin); (B) retinal 
ganglion cells (Brn3a); (C) cone photoreceptors (cone arrestin) and (D) Müller glia 
(vimentin). Cell type markers are green in all cases. Scale bars = 50 μm. GCL, ganglion 
cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner 
segments/outer segments; RPE, retinal pigment epithelium. Representative images from n 
= 3 untouched control eyes and n = 3 L-CNV eyes. 
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4.3.2 Immunolocalization of sEH in human retinas 

Based on the findings that sEH is overexpressed in the outer retina involving 

photoreceptors and the RPE in murine L-CNV retinas, I aimed to examine sEH 

expression in the human disease state further. To determine where sEH is upregulated in 

human nvAMD retinas, I immunostained for sEH and other markers of retinal cell types: 

peanut agglutinin (PNA) for rod photoreceptor cells, wheat germ agglutinin (WGA) for 

cone photoreceptor cells and RPE65 for RPE cells in the human nvAMD and age-

matched control retinas. PNA (green) distinctively identified cone matrix sheaths and 

WGA (yellow) labeled outer segments of rods (Figure 4.4A).  

The expression of sEH (magenta) was observed throughout the retina but greater 

sEH expression was observed in photoreceptors and RPE cells that could be undergoing 

degenerative changes in nvAMD. sEH staining was associated with inner and outer 

segments of photoreceptor cells in nvAMD retinas (Figure 4.4A). Coimmunostaining of 

RPE65 (green) and sEH revealed that sEH overexpression in nvAMD colocalized with 

RPE65 positive RPE cells, particularly in the apical RPE (Figure 4.4B). This observation 

is recapitulated by further examples of sEH staining in human retinas (Figures 4.5, 4.6) 

While this expression pattern is reflected in my immunohistochemistry data of L-CNV 

murine retinas, the results are distinguished from other immunohistochemistry data in the 

literature in which sEH was predominantly expressed by murine Müller glial cells. The 

involvement of distinct cell types in various retinal diseases could be one of the 

explanations for such discrepancy in the target expression, because Müller glia closely 

interact with retinal vasculature (Coughlin, Feenstra et al. 2017),  whereas the RPE is 

intimately associated with choroidal vasculature, and the RPE and choroid provide a 
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supporting system for photoreceptors (Nickla and Wallman 2010). Yet, the differential 

expression results indicated challenges in the validation of immunohistochemistry data 

due to potential physical limitations of antibodies including the lack of universally 

accepted standardization of antibody production, and lack of standardization in target 

specificity for antibodies can lead to discordant IHC/IF results between antibodies 

(Bordeaux, Welsh et al. 2010).  Thus, this presented me a rationale to pursue the 

RNAscope in situ hybridization (ISH) method to provide complementary information 

regarding spatial and precise discrimination of the target expression in retina.  



 

 81 

 

 
 
Figure 4.4: Colocalization of sEH with photoreceptors and RPE in human retinas 
from neovascular AMD patients. Representative images of retinal sections from 
nvAMD (81 y.o., male) and age-matched control eyes (82 y.o., male) stained with DAPI 
(blue), sEH (magenta), PNA (green), WGA (yellow) or RPE65 (green) (A) Labeling of 
retinal tissues with PNA and WGA for rods and cones showing colocalization of sEH in 
photoreceptors (circled). In nvAMD, sEH staining is strongly associated with the outer 
segments of cones and is enhanced compared to age-matched control (circled). (B) 
Immunohistochemistry using antibodies against sEH and RPE65 shows positive staining 
of sEH in RPE cells with more intense expression in neovascular AMD retinal tissue. 
Scale bars: 50 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer 
nuclear layer; IS/OS, photoreceptor inner segments/outer segments; RPE, retinal pigment 
epithelium. Representative images from n = 2 control and n = 3 nvAMD subjects. 
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Figure 4.5: Colocalization of sEH with photoreceptors in human retinas from 
additional human subjects. Images of retinal sections stained with DAPI (blue), sEH 
(magenta), PNA (cone photoreceptors; green), WGA (rod photoreceptors; yellow). 
Labeling of retinal tissues with PNA and WGA for rods and cones showing 
colocalization of sEH in photoreceptors. Scale bars: 50 μm. GCL, ganglion cell layer; 
INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner 
segments/outer segments; RPE, retinal pigment epithelium.  
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Figure 4.6: Colocalization of sEH with RPE in human retinas from additional 
human subjects. Images of retinal sections stained with DAPI (blue), sEH (magenta), 
RPE65 (RPE; green), WGA (rod photoreceptors; yellow). Labeling of retinal tissues with 
RPE65 for RPE cells showing colocalization of sEH in RPE layer. Scale bars: 50 μm. 
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, 
photoreceptor inner segments/outer segments; RPE, retinal pigment epithelium.  
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4.3.3 RNAscope ISH evaluation of EPHX2/Ephx2 mRNA expression 

Fluorescent RNAscope ISH was performed to achieve single cell resolution for 

EPHX2/Ephx2 mRNA detection in human nvAMD and murine L-CNV retinas. The 

human EPHX2 mRNA expression pattern was consistent with what we observed at the 

protein level through immunohistochemistry. EPHX2 was broadly expressed in 

vasculature and multiple cellular layers, but prominently in photoreceptor cell bodies and 

outer segments, and in RPE (Figure 4.7A-C). The EPHX2 mRNA expression was 

markedly increased in nvAMD eyes, throughout the retina but most prominently in the 

RPE (Figure 4.6C).  

Findings in murine retinas were similar, where Ephx2 mRNA was expressed in 

photoreceptor cell bodies and outer segments, but also in the inner nuclear layer and at a 

low level in RPE of untouched eyes (Figure 4.8A). In L-CNV, there was a notable 

increase of Ephx2 mRNA in the photoreceptors and elsewhere in the retina (Figure 4.8B-

C), comparable to that seen in human nvAMD. However, the increase in Ephx2 signals in 

RPE was more modest in the murine L-CNV model than in human nvAMD eyes.  

Because sEH protein expression has previously been reported in Müller glia and 

the Müller glia dependent expression of sEH was implicated in retinal vasculature 

development and diabetic retinopathy (Hu, Popp et al. 2014, Hu, Dziumbla et al. 2017), I 

simultaneously detected Ephx2 (magenta) and Apoe (green), as an mRNA marker for 

Müller glia cells. Apolipoprotein E (Apoe) is synthesized in the retina by Müller glial 

cells (Amaratunga, Abraham et al. 1996), therefore Apoe mRNA was previously used as 

a target in RNAscope assays to identify Müller glia (Menon, Mohammadi et al. 2019). I 

confirmed that Ephx2 is expressed in Müller glia through co-localization with Apoe, but 
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that Ephx2 overexpression is more prominent in photoreceptors and RPE in murine L-

CNV than in Müller glia (Figure 4.8A).  
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Figure 4.7: EPHX2 mRNA is highly expressed in the retinal pigment epithelium 
(RPE) of AMD eyes. Representative Images of retinal sections from nvAMD (72 y.o., 
female) and age-matched control eyes (79 y.o., female). EPHX2 encoding sEH is in 
magenta and nuclei (DAPI) are in blue. (A) EPHX2 is detected across retina, including 
vasculature and photoreceptors. Scale bars = 50 µm. (B) 40X images of the same 
specimen. EPHX2 mRNA is highly expressed in the photoreceptor cell bodies in outer 
nuclear layer (C) 40X images of the same specimen. EPHX2 mRNA is highly expressed 
in RPE. Scale bars = 20 µm. In nvAMD, EPHX2 mRNA signal is increased in INL, ONL 
and apical RPE. Bright fluorescent puncta represent positive mRNA signal. GCL, 
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Representative 
images from n = 2 control and n = 3 nvAMD subjects.  
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Figure 4.8: sEH mRNA expression is increased in the retinal pigment epithelium 
(RPE) of L-CNV eyes.  Representative images of retinal sections from eyes of murine L-
CNV and untouched control eyes. Ephx2 mRNA encoding murine sEH is in magenta, 
Apoe mRNA (glial cell marker) is in green and DAPI is in blue. (A) Ephx2 mRNA is 
detected throughout all cellular layers of the retina, but its signal is most prominently 
increased in INL and ONL of the photoreceptor cells in L-CNV. Ephx2 detected in INL 
partially colocalizes with Apoe, indicating its expression in glial cells in addition to 
photoreceptor cells in L-CNV. Scale bars = 50 µm. (B) Ephx2 mRNA is highly expressed 
in the ONL and OS. (C) Ephx2 mRNA is expressed at low levels in the RPE of the 
untouched control, whereas its expression is enhanced in the RPE of the L-CNV eyes. 
Scale bars = 20 µm. Bright fluorescent puncta represent a positive RNA signal.  GCL, 
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Representative 
images from n = 2 control and n = 3 nvAMD subjects. 
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4.4 Discussion and Conclusions  

CNV in nvAMD involves pathological changes within photoreceptors, RPE, 

Bruch’s membrane and choroid, underlying visual impairment (van Lookeren Campagne, 

LeCouter et al. 2014). Therefore, knowing the localization of therapeutic target 

expression is critical for unraveling CNV pathology and developing optimal therapeutic 

strategies. Although we had previously demonstrated that sEH is upregulated in L-CNV, 

there was a knowledge gap in the precise retinal cellular expression of sEH (Sulaiman, 

Park et al. 2018).   

In murine retinas, sEH was expressed at low levels in the normal untouched 

control murine retinas. The upregulated sEH in the L-CNV murine eyes showed 

prominent colocalization with rod photoreceptors and the apical and basal surface of the 

RPE. Intriguingly, coimmunostaining of sEH with cell type markers confirmed that sEH 

is overexpressed in photoreceptors and RPE cells in areas with degenerative changes in 

human nvAMD specimens, supporting the expression pattern observed in murine L-CNV 

retinas. Differences between the human and murine retinas were observed in the 

expression level in the non-disease state. In the murine control retinas, the baseline sEH 

expression level was minimal and limited to vasculature layers, and the expression was 

induced by CNV stimuli. Aged human eyes without pathological changes, in contrast, 

showed a broader pattern of expression. Overexpressed sEH in the murine retinas did not 

have substantial colocalization with cone photoreceptors in contrast to human retinal sEH 

expression, but this could also be a species difference: the rod-specific sEH expression 

was seen in response to CNV in the rod-dominant, nocturnal murine eye that does not 

have structural organization of the human macula. 
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However, others showed that sEH was primarily localized to Müller glia and 

astrocytes in the developing retina and in the oxygen-induced retinopathy model of 

retinal neovascularization (Hu, Popp et al. 2014). The discrepancies in sEH localization 

among studies suggested limitations of antibodies and immunohistochemistry 

approaches, including lack of universally accepted standardization of antibody production 

and antibodies having different specificity towards the target, and this may result in 

divergent IHC/IF results (Bordeaux, Welsh et al. 2010). Therefore, the sEH expression 

pattern warranted more detailed examination. My study demonstrated that RNAscope 

presents an ideal experimental tool to validate immunohistochemistry results. RNAscope 

is an ISH technique that detects each single RNA transcript which appears as a distinct 

dot that is visible using a fluorescence microscope. By RNAscope, I detected 

EPHX2/Ephx2 mRNA throughout the retina, concentrated within the blood vessels, the 

ONL, and RPE. In nvAMD retinas compared to controls, EPHX2 mRNA was highly 

expressed, with notable signals in the apical RPE. Intriguingly, scRNAseq data from the 

University of Iowa supports this finding, showing that EPHX2 gene expression is more 

enriched in rod and RPE cells than other retinal cell types in human retina obtained from 

a mixed pool of donors that included healthy subjects, macular degeneration, and 

autoimmune retinopathy patients (Dataset: all_retina_rpe_chor; Singlecell-eye.org). 

In murine retinas, Ephx2 mRNA was observed mostly within the INL, 

photoreceptors, and moderately in RPE. Colocalization of Ephx2 and Apoe in the inner 

nuclear layer supported other studies that previously reported sEH protein expression in 

Müller glial cells (Hu, Popp et al. 2014, Hu, Dziumbla et al. 2017). However, Müller glia 

do not appear to be the major producers of Ephx2 in adult mice or in L-CNV. This could 
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have been due to disease model variations that may involve different stimuli leading to 

upregulation of sEH in different cell types. The expression increased in L-CNV retinas 

most notably in photoreceptors and RPE, which mirrors observations in human nvAMD 

retinas, though EPHX2 signals were more prominent in human retinas.  

These findings suggest the value of exploring the role of sEH in RPE dysfunction 

and also indicate the outsized role of RPE cells in human AMD pathology that is not fully 

recapitulated in the murine L-CNV model, which involves an acute laser injury to the 

photoreceptors, RPE and choroid to induce inflammation and angiogenesis (Nagai, 

Lundh von Leithner et al. 2014), whereas human AMD pathology involves sustained 

inflammatory and oxidative stress leading to damage of the RPE and photoreceptor cells 

combined with age-related changes (Pennington and DeAngelis 2016, Edwards and Lutty 

2021, Fleckenstein, Keenan et al. 2021). As discussed in Chapter 1, RPE and 

photoreceptor pathology is not only a component of macular degeneration but also 

contributes to the development of choroidal neovascularization, which is an advanced 

form of macular degeneration. In the initiation stage of CNV, RPE and photoreceptor 

cells produce VEGF and other pro-angiogenic factors that incite angiogenesis (Kvanta, 

Algvere et al. 1996, Lopez, Sippy et al. 1996). The production of sEH by photoreceptors 

and the RPE could alter the balance between EpFAs and dihydroxy FAs, in the manner of 

depleting pro-resolving EpFAs. It is well known that growth factors and molecules 

produced by RPE promote angiogenesis. The future study may explore how altered lipid 

balance due to photoreceptor and RPE dependent overexpression of sEH have biological 

effects on not only photoreceptors and the RPE themselves, but also on the choroidal 

endothelial cells. In the present study, sEH was more strongly detected in the apical and 
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basal surface of the RPE. This distribution of sEH expression is also interesting because 

such a polarized distribution pattern is reflected by RPE-dependent production of 

important growth factors such as VEGF for which the basal secretion towards Bruch’s 

membrane is greater than apical secretion (Blaauwgeers, Holtkamp et al. 1999).  

Altogether, overexpression of sEH at the protein and mRNA level in CNV and disease-

relevant cell types indicate a functional role of sEH in AMD pathophysiology and 

provides a rationale to target these cell types for developing therapies, as detailed in the 

next chapter. 
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CHAPTER 5. EFFICACY OF AAV8-shRNA TARGETING Ephx2 AGAINST  

MURINE CHOROIDAL NEOVASCULARIZATION 

5.1 Overview 

Major factors that contribute to clinical failure of drugs are issues with efficacy 

and safety. Therefore, once a drug target has been identified, comprehensive validation 

processes must be undertaken to build up a body of evidence supporting that the target 

modulation will lead to a therapeutic effect in a disease state. In Chapter 5, I 

hypothesized that sEH in the eye is required for CNV formation in vivo. I investigated 

the efficacy of adeno-associated virus (AAV) serotype 8 vector expressing shRNA 

against Ephx2, delivered intravitreally in the murine L-CNV model. Neovascular AMD 

patients and murine L-CNV retinas had overexpression of sEH in vasculature, 

photoreceptors, and retinal pigment epithelial cells as shown in Chapter 4. This provided 

a rationale to pursue AAV serotype 8 that has tropism towards these relevant cell types. 

The delivery of AAV8-Ephx2 shRNA significantly reduced CNV. In addition, gene 

expression analysis showed reduced Vegfc and CNV-related inflammatory markers. 

Thus, depletion of sEH phenocopies the antiangiogenic effects seen with small molecule 

inhibitors, further demonstrating sEH as a promising therapeutic target in the treatment of 

CNV associated with nvAMD. 
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5.2 Background and Rationale 

Drug discovery and development is a long and costly process. Most of the small 

molecule projects within the pharmaceutical industry fail at multiple stages and only 10% 

of them progress to candidate stage (Hughes, Rees et al. 2011). Therefore, early in-depth 

validation is crucial, to minimize the risk of drug failure in the clinic, and to increase 

confidence in the relationship between the druggable target and disease. This requires a 

body of evidence that demonstrates that a molecular target is directly implicated in a 

disease state, and that modulation of the target confers therapeutic effect, leading to 

increased likelihood of clinical success in future. There is a spectrum of target validation 

approaches to be undertaken, including utilizing lead pharmacological compounds and 

genetic confirmation (e.g., siRNA, shRNA, known mutations) (Figure 1.4).   

Previously, we reported that chemical inhibition of sEH using small intravitreal 

molecules suppresses L-CNV (Sulaiman, Park et al. 2018). An inhibitory effect on ocular 

angiogenesis was also reported for other routes of administration of sEH inhibitors where 

oral administration of an sEH inhibitor TPPU reduced CNV lesions (Hasegawa, Inafuku 

et al. 2017). The economic sustainability of small molecules compared to biologics 

(Makurvet 2021) and formulation options for developing of small molecules present them 

as ideal candidate pharmacological compounds. In regard to drug delivery, small 

molecules are more permeable through blood retinal barriers than biologics; however, for 

the same reason, there is a barrier to using small molecules to treat retinal diseases 

because their half-life is short, and the intravitreal clearance of small molecules is much 

more rapid than that of biologics (del Amo, Rimpelä et al. 2017).  The lack of target 

specificity is a potential limitation with small molecules, as they may have 
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uncharacterized targets beyond the protein of interest (Kawasumi and Nghiem 2007). As 

well, the propensity of small molecules to interact with sites other than the active site of a 

target (demonstrated by enzyme kinetics analysis in Chapter 3 for both SH-11037 and 

compound 7 sEH inhibitors), put them at a disadvantage as a target validation tool 

(although their ability to interact with a wide range of targets compared to biologics 

presents exciting opportunities for ophthalmic drug therapy innovation, and 

polypharmacology can be employed as a therapeutic strategy). Thus, there is a rationale 

to pursue a genetic approach to evaluate whether depletion of the target can phenocopy 

the antiangiogenic effects observed with small molecule inhibitors to validate the target 

engagement in the disease progression (Cong, Cheung et al. 2012). The tissue-specific 

knockdown of sEH in the eye is more appealing than systemic knockout because: 1) sEH 

inhibition can have opposite effects on angiogenesis depending on tissue levels of PUFAs 

that are parent to epoxy lipids (Figure 1.3), and 2) Intraocular sEH knockdown will 

enable us to mimic the drug’s effect more accurately than knocking out a gene 

constitutively. There have been studies showing delayed retinal angiogenesis in systemic 

sEH knockout mice and Müller cell specific sEH knockout mice (Hu, Popp et al. 2014), 

however intraocular sEH knockdown using a therapeutic gene approach in the context of 

CNV has never been studied before.  

The unique physiological features of the retina have allowed substantial advances 

in gene therapy in retinal diseases. Though the retina is part of the central nervous 

system, its peripheral location provides clinical accessibility. The presence of tight blood-

retinal barriers limits systemic side effects of the gene therapy by preventing exposure to 

other organs. The retina is also considered an immune privileged tissue. In addition to 
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physical barriers, the retina produces a number of molecules such as TGF-b that 

contribute to its immune suppressive microenvironment to protect tissue from external 

and internal insults that are inherent to retina due to its high metabolic activities (Chen, 

Luo et al. 2019, Dhurandhar, Sahoo et al. 2021). Therefore, gene therapy has enormous 

potential for clinical success in treating retinal diseases, amplified by the Luxturna 

market authorization (indicated for a rare form of inherited retinal disease, Leber 

congenital amaurosis), which is the first gene therapy to be approved by the FDA 

(Trapani, Tornabene et al. 2021).  

The general mechanism of gene therapy viral vector-based gene therapy is carried 

out by in vivo delivery of specific genetic material by vectors based on lentiviruses, 

adenoviruses, or adeno-associated viruses (AAV). The advantage of lentivirus is in its 

persistent transduction in both dividing and nondividing cells, and its packing capacity of 

8-9 kbp (Lukashev and Zamyatnin 2016). However, lentiviruses may integrate to the 

genome, trigger immunogenicity and have limited transduction in photoreceptor cells. 

Adenoviruses have broad tropism and can transduce both dividing and non-dividing cells, 

with a large packing capacity of 30-40 kbp (Appaiahgari and Vrati 2015). However, 

adenoviruses trigger substantial immunogenicity responses, which would be presented as 

an advantage in cases of vaccines and cancer therapy, but the risk of infecting off-target 

cells, severe infection and immune responses are major disadvantages of adenoviruses, 

therefore adenoviruses are not often used in retinal gene therapy (Wold and Toth 2013, 

Ginn, Amaya et al. 2018). Despite adeno-associated viruses (AAV) having a major 

setback in its packing capacity that is limited to 5 kbp, AAV is the most promising viral 

vector for retinal gene therapy because of low immunogenicity risk, ability to transduce 
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non-dividing cells, and stable transgene expression in retinal cell types (Dhurandhar, 

Sahoo et al. 2021, Sahu, Chug et al. 2021). The first clinical success with an FDA 

approval in gene therapy was with AAV (Luxturna), in treating inherited retinal disease, 

as briefly mentioned above (Bainbridge, Smith et al. 2008, Smalley 2017). The AAV 

vectors have been widely used in numerous preclinical proof-of-concept studies for gene 

delivery to the photoreceptors or RPE cells (Acland, Aguirre et al. 2001, Buck and 

Wijnholds 2020, Dhurandhar, Sahoo et al. 2021). The AAV virus capsid that determines 

the tropism was modified over the years, so that AAV serotypes can mediate transduction 

in diverse cell types in the retina. AAV8 is highly efficient in transducing photoreceptors 

and the RPE in both mice and humans (Day, Byrne et al. 2014, Dhurandhar, Sahoo et al. 

2021). All together, these desirable properties of AAV provided a rationale to select 

AAV as a viral vector in my target validation study.  

Here, I evaluated the efficacy of intravitreal delivery of adeno associated virus 

(AAV) serotype 8 mediated shRNA targeting Ephx2 in the mouse L-CNV model. I 

examined CNV formation through ocular imaging over time in vivo and in subsequent 

immunohistochemical assessment. To determine sEH-modulated signaling pathways, 

gene expression analysis was performed on treated tissue samples. 
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5.3 Results 

5.3.1 In vivo transduction of AAV8-Ephx2 shRNA 

Given the photoreceptor and RPE-localized overexpression of Ephx2 in L-CNV 

(demonstrated in Chapter 4), I chose AAV8 vector to target the CNV and disease 

relevant cells for delivering shRNA against Ephx2, since AAV8 is well known to 

transduce photoreceptor and RPE cells (Lee, Kim et al. 2018). To determine the viral 

dose and experimental timeline for optimal transduction efficiency, AAV8 vectors 

encoding U6 promoter-driven Ephx2 shRNA and CMV promoter-driven mCherry at low 

or high titer (4.9 x 106 GC or 1.9 x 107 GC) were administered intravitreally, then I 

evaluated dose and time-dependent in vivo transduction by detecting mCherry expression 

through fluorescence fundus imaging and cryosections (Figure 5.1A). Efficient 

transduction was evident in which mCherry expression was first detected by fluorescence 

fundoscopy at 2 weeks after intravitreal injection, reached a maximum at week 3, and 

was stable through week 5. The corresponding OCT images of the representative fundus 

images show no substantial difference in anatomical structure of the retina cross sections 

at all viral doses tested. In addition to this time dependent increase in transduction, a 

dose-dependent increase in transduction efficiency was verified with greater transduction 

achieved at the higher titer, 4.9 x 106 GC (Figure 5.1B).  

5.3.2 Localization of transduced cells 

I next determined whether the AAV8-Ephx2 shRNA viral vector efficiently and 

specifically targeted photoreceptor and RPE cells in vivo. At week 5, mouse eyes were 

enucleated for cryosectioning, and the sections underwent microscopic assessment and 

immunohistochemistry. Mouse eye cryosections showed mCherry expression localized 
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most strongly to the photoreceptor and RPE layers (Figure 5.1C). At the lower titer, 

mCherry expression was limited to the outer nuclear layer at a low level and absent in the 

RPE, whereas the higher titer resulted in more mCherry positive cells in both 

photoreceptor and RPE cell layers. These sections were then stained with antibodies for 

markers of rods, cones and RPE cells, verifying that these cell types were transduced by 

intravitreal injection of AAV8 (Figure 5.2A-C). Together these findings demonstrate in 

vivo transduction efficiency of the viral vector to the desired cells, photoreceptors and the 

RPE that predominantly overexpressed sEH in murine L-CNV and human nvAMD 

retinas (Chapter 4). 
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Figure 5.1: In vivo transduction of AAV8 in murine retina. (A) Study design and 
experimental timeline used to assess in vivo efficacy of AAV8-Ephx2 shRNA. 
Noninvasive fluorescence fundoscopy was used to assess mCherry expression in vivo on 
day 14, day 21, and day 35 post-injection, followed by cryosection imaging ex vivo. (B) 
Time-dependent and viral dose-dependent transduction efficiency. Fluorescence 
fundoscopy showing in vivo mCherry expression in wide view image of retina (red lines 
indicating OCT scans) and corresponding OCT images on day 35 showing no substantial 
changes in retinal structure. (C) AAV transduction visualized in retinal sections five 
weeks after injection. Retinal sections showing mCherry positive cells in ONL and RPE. 
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, 
retinal pigment epithelium. Scale bars = 100 µm 
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Figure 5.2: Immunolocalization of mCherry with cone arrestin, rhodopsin and 
RPE65 in AAV8 injected murine eyes. Five weeks after intravitreal injection, AAV8 
transduction (mCherry; red) was observed in (A) rod photoreceptor cells (rhodopsin, 
which stains outer segments; green), (B) cone photoreceptor cells (cone arrestin; green) 
and RPE cells (RPE65; green). Nuclei (DAPI) are blue. GCL, ganglion cell layer; INL, 
inner nuclear layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segments; 
RPE, retinal pigment epithelium. Scale bars = 100 µm 
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5.3.3 Suppression of L-CNV by AAV8-Ephx2 shRNA 

I evaluated whether intravitreal injection of AAV8-Ephx2 shRNA would suppress 

the formation of CNV. Based on the in vivo transduction study of AAV8 (Figure 5.1), 

optimal viral dose and timeline were determined for the L-CNV experimental scheme 

(Figure 5.3). At day 0, mice received intravitreal injection of 1.9 x 107 GC of AAV8-

Ephx2 shRNA, AAV8-scrambled shRNA control or PBS control. At day 7, laser 

photocoagulation was performed to induce CNV where 3 laser burns were applied in 

each injected eye. At day 21 (day 14 post laser), fluorescence fundoscopy was performed 

to assess transduction and in vivo optical coherence tomography (OCT) imaging and 

fluorescein angiography (FA) were performed to visualize L-CNV and consequent 

vascular leakage. Notably, AAV8-Ephx2 shRNA reduced vascular leakage shown 

through FA imaging and CNV lesion volume which was assessed based on OCT images 

(Figure 5.3B and C). Ex vivo CNV volume measurements at day 21 (14 days post laser) 

likewise revealed a statistically significant attenuation in CNV in mice injected with 

AAV8-Ephx2 shRNA compared to scrambled shRNA and PBS controls (Figure 5.3D and 

E).  

To verify that the detected suppression in CNV volume coincided with the 

downregulation of sEH expression, immunoblot analysis was performed using total 

protein obtained from retina and RPE/choroid isolated from mice injected with 1.9 x 107 

GC of AAV8-Ephx2 shRNA, AAV8-scrambled shRNA control and PBS control. 

Compared to the PBS control and scrambled shRNA control, mice administered AAV8-

Ephx2 shRNA had markedly reduced retinal and RPE/choroidal sEH expression (Figure 
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5.4A, B). These findings support that AAV8 mediated delivery of shRNA targeting 

Ephx2 can lead to depletion of target and suppress CNV progression.  
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Figure 5.3: AAV8-delivery of shRNA against sEH suppresses L-CNV. (A) Study 
design and experimental timeline used to assess in vivo efficacy of AAV8-Ephx2 shRNA 
After seven days post intravitreal injection of viral vectors encoding Ephx2 shRNA or 
scrambled shRNA or PBS vehicle; mice were treated with laser to induce CNV. 
Transduction level (mCherry fluorescence) and neovascular volume were assessed by 
weekly noninvasive ophthalmic imaging tools: fundoscopy and optical coherence 
tomography (OCT) and fluorescein angiography (FA). On Day 14 post laser, retina and 
choroid tissue of each treatment group were harvested for choroidal flatmounts. (B) 
Representative OCT, FA (green) and AAV8 (mCherry; red) fluorescence fundus images 
on day 14. (C) CNV lesion volume was calculated as an ellipsoid from OCT images. (D) 
Representative images from confocal microscopy of Griffonia simplicifolia isolectin B4 
(GS-IB4; green) stained CNV lesions 14 days post L-CNV. (E) CNV lesion volume from 
Z-stack confocal images, showing a reduction in CNV lesions with Ephx2-shRNA. Mean 
± SEM, N = 4-10, one-way ANOVA with Tukey’s post hoc tests (ns, non-significant; 
**p<0.01; ***p<0.001). Scr: scrambled; GCL, ganglion cell layer; ONL, outer nuclear 
layer; RPE, retinal pigment epithelium.  
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Figure 5.4: AAV8-Ephx2 shRNA reduces sEH expression level. Inhibitory effect of 
AAV8-Ephx2 shRNA on sEH expression was determined in tissues collected 3 weeks 
post intravitreal injection of 1.9 x 107 GC of AAV8-Ephx2 shRNA, AAV8-scrambled 
shRNA control or PBS control. (A) sEH expression in retina. Each lane represents a 
single retina sample. Mean ± SEM, N = 4-5 biological replicates, one-way ANOVA with 
Tukey’s post-hoc tests (ns, non-significant; *p<0.05; **p<0.001). (B) sEH expression in 
RPE/choroid. Each lane represents pooled tissue samples from 3-4 eyes. Intensity relative 
to PBS control, normalized to β-actin, is indicated. 
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5.3.4 Inhibition of CNV-related inflammatory gene expression by AAV8-       

Ephx2 shRNA 

To investigate the mechanisms by which Ephx2 knockdown attenuates CNV 

formation, I isolated RNA from retina and RPE/choroid tissues of untouched eyes and 

eyes treated with either AAV8-scrambled shRNA control or AAV8-Ephx2 shRNA in the 

L-CNV model. Through the stabilization of anti-inflammatory and pro-resolving EpFAs, 

inhibition of sEH has shown anti-inflammatory effects in various models of 

inflammation.  The EpFA substrates of sEH, 11,12-EET or 19,20-EDP in combination 

with AUDA inhibit, whereas the dihdroxy fatty acids, 19,20-DHDP promotes, TNF-α-

induced VCAM-1 and ICAM-1 expression in human retinal endothelial cells (Capozzi, 

Hammer et al. 2016). In a lipopolysaccharide (LPS) induced lung injury model, sEH 

inhibition had anti-inflammatory effects where pro-inflammatory cytokines levels (IL-1b 

and TNF-a) and neutrophil infiltration to the lung were decreased (Askari, Thomson et 

al. 2014). The sEH inhibition and potentiating EpFAs are also being employed as a 

therapeutic strategy for treating neurodegenerative diseases, such as Parkinson’s disease, 

that are strongly associated with neuroinflammation (Grinan-Ferre, Codony et al. 2020). 

In the context of CNV, sEH-regulated EpFAs suppressed CNV, and modulated leukocyte 

rolling velocity by changing the expression of adhesion molecules on the surfaces of 

leukocytes and in the CNV lesions (Hasegawa, Inafuku et al. 2017). Given this, the 

changes in mRNA expression levels of CNV relevant inflammatory molecules were 

analyzed by qPCR. Compared to scrambled shRNA control, I found that Ephx2 shRNA-

treated retinas had significantly lower mRNA levels of inflammatory cytokine genes, 

Il1b, Il6, and Tnfa (Figure 5.5A-C), and cell adhesion molecules, Ccl2 and Icam1 (Figure 
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5.5D, E). The inhibitory effect was also observed on the mRNA level of Vegfc in treated 

retinas (Figure 5.5F). In treated RPE/choroid, Ephx2 shRNA likewise significantly 

reduced mRNA levels of Il1b, Il6 and Ccl2 (Figure 5.5G, H, J), whereas no significant 

differences were detected in Tnfa, Icam1 and Vegfc (Figure 5.5I, K, L), which were also 

not significantly upregulated by L-CNV at 14 days post laser treatment in the 

RPE/choroid.  
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Figure 5.5: Inhibition of CNV-related inflammatory molecule expression by AAV-
delivery of Ephx2 shRNA. mRNA expression levels of inflammatory molecules (A, G) 
Il1b, (B, H) Il6, (C, I) Tnfa, (D, J) Ccl2, (E, K) Icam1, and (F, L) Vegfc in the retina (A-
F) or RPE/choroid (G-L) of untreated control and L-CNV mice transduced with control 
scrambled shRNA or Ephx2 shRNA. qPCR data for the indicated genes relative to Tbp 
and Hprt expression, normalized to control. Mean ± SEM, N = 3-6 biological replicates 
(each data point represents pooled tissue sample from 2 biological replicates), one-way 
ANOVA with Tukey’s post hoc tests (ns, non-significant; *p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001) Scr: scrambled. 
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5.4 Discussion and Conclusions 

I sought to pursue a genetic approach to test the hypothesis that sEH is required 

for CNV development and to evaluate whether depletion of sEH can phenocopy the 

antiangiogenic effects observed with small molecule inhibitors. In the systemic sEH 

knockout mice and Müller cell-specific sEH knockout mice, delayed retinal angiogenesis 

was observed when retinal vasculature development was compared to the wild-type mice 

(Hu, Popp et al. 2014). However, sEH knockdown within the eye and its effect on CNV 

have not been studied before. This would be critical in validating sEH as a therapeutic 

target to treat CNV because sEH inhibition can have varying effects on angiogenesis 

depending on tissue levels of PUFAs that are the parent to EpFAs as discussed in detail in 

the Chapter 1 introduction. Intraocular sEH knockdown enables us to mimic an sEH-

inhibiting drug’s effect more accurately while sustaining the effect because of the long-

term stable transduction ability of AAV in the relevant cell types.  

I found that intravitreally administered AAV8-Ephx2 shRNA efficiently 

transduced photoreceptors and RPE (key sEH-producing cell types), substantially 

reduced retinal and RPE/choroid sEH protein levels and suppressed the progression of 

CNV. It markedly reduced mRNA expression levels of CNV-relevant inflammatory 

molecules and VEGF-C. In treated retinas, AAV8-Ephx2 shRNA normalized mRNA 

expression levels of pro-inflammatory cytokines – Il1b, Il6, Tnfa, and Ccl, and a cell 

adhesion molecule, Icam1. In treated RPE/choroid, AAV8-Ephx2 shRNA normalized 

expression levels of Il1b, Il6 and Ccl2. The production of interleukin-1β (IL-1β) is well 

established in the pathogenesis of both forms of AMD (Oh, Takagi et al. 1999, Zhao, Bai 

et al. 2015). IL-1β is also known for activating IL-6 (McGeough, Pena et al. 2012), which 
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is a pro-inflammatory and pro-angiogenic cytokine that is involved in progression of 

nvAMD (Miao, Tao et al. 2012), and intraocular IL-6 was shown to be necessary for 

CNV in the murine L-CNV model (Droho, Cuda et al. 2021). Studies also demonstrated 

that inhibition of IL-1β reduced the production of chemokines including Ccl2 from both 

Müller glia and RPE cells  (Natoli, Fernando et al. 2017). The sEH depletion having 

downstream effects in suppressing intraocular inflammatory molecules involved in CNV 

and AMD in the present study provides a potential mechanistic basis in understanding 

how sEH is implicated in choroidal angiogenesis.  

There was a reduction in Vegfc mRNA expression level in AAV8 Ephx2 shRNA 

treated retinas, but the relevance of Vegfc to day 14 CNV progression is not validated 

because Vegfc was not significantly upregulated by L-CNV. VEGF-C is primarily 

implicated in lymphangiogenesis by binding to VEGFR-3 but can also bind to VEGFR-2 

and exert angiogenic potential. Intriguingly, another study using human umbilical vein 

endothelial cells (HUVECs) showed that a key EpFA substrate of sEH, 19,20-EDP, 

potently inhibited mRNA expression of VEGF-C and VEGF-induced phosphorylation of 

VEGFR-2 while having no effect on VEGF-A levels (Zhang, Panigrahy et al. 2013), 

indicating that sEH substrate EDP was antiangiogenic through modulating VEGF-

C/VEGFR-2 signaling.  

I also identified a number of inflammatory mediators that were reduced by 

AAV8-Ephx2 shRNA in L-CNV. The mRNA expression levels of inflammatory cytokine 

genes Il1b, Il6, Tnfa, and Ccl2, and that of a cell adhesion molecule Icam1 were 

significantly normalized by AAV8 Ephx2 shRNA in treated L-CNV retinas compared to 

scrambled shRNA control. In treated RPE/choroid, AAV8-Ephx2 shRNA had inhibitory 
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effects on the expression levels of Il1b, Il6 and Ccl2, however, the treatment did not 

significantly alter the expression levels of Tnfa, Icam1 and Vegfc. Thus, AAV8-Ephx2 

shRNA had inhibitory effects on inflammatory target molecules that were upregulated by 

L-CNV on day 14 post laser photocoagulation. The differential downregulation of target 

molecules between the treated retinas and RPE/choroid could be due to involvement of 

different signaling pathways in the microenvironment that are also dependent on CNV 

progression over time. Indeed, other researchers have found that signal transduction 

molecules, including cell adhesion molecules, are expressed differently between retina 

and choroid tissue at different timepoints of murine L-CNV progression (Jia, Qiu et al. 

2021).  

As discussed in Chapter 1, the initial stage of CNV is characterized by changes 

in the microenvironment due to RPE and photoreceptor cells producing growth factors 

that incite angiogenesis (Kvanta, Algvere et al. 1996, Lopez, Sippy et al. 1996). 

Inflammatory processes like microglia activation, leukocyte invasion, oxidative stress, 

lipid deposition, and NLRP3 inflammasome activation are all implicated in RPE 

dysfunction in AMD, leading to photoreceptor/RPE degeneration (Choudhary and Malek 

2019). The production of inflammatory mediators resulting from inflammatory insults 

(e.g. oxidative stress, lipofuscin and drusen formation) can promote endothelium 

activation, resulting in increased adhesion molecules and vascular permeability and 

promote the production of angiogenic factors (Xu, Chen et al. 2009). Substantial work 

implicates sEH inhibition in inflammatory processes in the brain, cardiac system, and 

elsewhere in the body (Hasegawa, Inafuku et al. 2017, Darwesh, Keshavarz-Bahaghighat 

et al. 2019, Grinan-Ferre, Codony et al. 2020). sEH deficiency/inhibition has been linked 
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to attenuating neuroinflammation (Wu, Shyue et al. 2017) and retinal endothelial cell 

inflammation (Capozzi, Hammer et al. 2016) in addition to reducing reactive oxygen 

species (Liu, Qin et al. 2019). The present study supports that sEH is an important target 

involved in inflammatory processes in the eye. The study also highlights exciting 

potential in targeting sEH with an AAV mediated therapeutic gene approach that presents 

stable depletion of the therapeutic target in the disease relevant cell types, which may 

address shortcomings of other classes of pharmacological molecules, including biologics 

that have low efficiency in penetration and delivery to the ocular tissue due to their large 

molecular weight, and small molecules that have efficient penetration through the blood 

retinal barriers but have limitations due to fast clearance and off-target effects (del Amo, 

Rimpelä et al. 2017). Given the involvement of both angiogenesis and inflammation in 

the pathogenesis of CNV, stabilization of pro-resolving epoxy fatty acids through sEH 

inhibition with a therapeutic gene approach could be a promising therapeutic strategy for 

CNV underlying nvAMD.  
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CHAPTER 6. DISCUSSION AND CONCLUSIONS 

6.1 Overview 

The present Chapter 6 will conclude the study by reviewing the background and 

summarizing the key research findings in relation to the research aims of my thesis. 

Chapter 1 introduced the pathology of choroidal neovascularization in neovascular age-

related macular degeneration, and the potential for targeting soluble epoxide hydrolase as 

a therapeutic strategy. In Chapter 2, I described the methodology used to address the 

research aims of my thesis project. In Chapter 3, I demonstrated that the lead 

pharmacological compound SH-11037 binds to and inhibits sEH, and I discovered the 

mode of inhibition of SH-11037 as a mixed-noncompetitive inhibition through 

mechanistic enzymology. In Chapter 4, I defined the cellular expression of the target 

enzyme, sEH, in photoreceptor and RPE cells of murine and human retinas under the 

disease states in an experimental model of choroidal neovascularization and human 

nvAMD. Lastly, in Chapter 5, I employed a gene therapeutic approach as a means of 

target validation. I demonstrated the efficacy of adeno-associated virus serotype 8 

mediated delivery of shRNA targeting Ephx2, encoding sEH, in suppressing the 

progression of murine choroidal neovascularization while inhibiting gene expression 

levels of inflammatory molecules and VEGF-C. In conclusion, Chapter 6 will discuss 

the value and contributions of the research findings, review the limitations of the study, 

and propose directions for future study. 
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6.2 Research Aims and Findings 

6.2.1 Background Review 

Ocular angiogenesis causes blindness in numerous eye diseases, including 

proliferative diabetic retinopathy, retinopathy of prematurity and neovascular age-related 

macular degeneration (nvAMD) (Das and McGuire 2003). nvAMD is the leading cause 

of blindness in adults over 60 years old and affects nearly 2 million people in the US 

(Fine, Berger et al. 2000, Rein, Wittenborn et al. 2009). nvAMD is characterized by 

aberrant blood vessel growth under the retina, choroidal neovascularization (CNV). This 

results in hemorrhage, retinal detachment, and irreversible loss of vision. In addition, 

nvAMD poses an economic burden causing yearly losses of $5.4 billion to the GDP in 

the US (Brown, Brown et al. 2005). Today, the effort to treat nvAMD is hampered by 

resistance and refractory responses to the current standard of care, anti-vascular 

endothelial growth factor (VEGF) therapies (Lux, Llacer et al. 2007). Therefore, there is 

a critical need to elucidate cellular components involved in the pathophysiology and to 

develop novel therapeutic approaches.  

The Corson lab used a forward chemical genetics approach to identify a novel 

target involved in ocular angiogenesis. The research outcomes included the total 

synthesis of an antiangiogenic natural homoisoflavonoid, cremastranone, for the first time 

(Lee, Basavarajappa et al. 2014). Then, a structure-activity relationship analysis of its 

derivatives was completed and a lead compound SH-11037 with greater potency and 

selectivity for endothelial cells was discovered (Basavarajappa, Lee et al. 2015, 

Sulaiman, Merrigan et al. 2016). Using SH-11037 based affinity reagents, we identified 

soluble epoxide hydrolase (sEH) as a cellular target of SH-11037 (Sulaiman, Park et al. 
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2018). Thus, the Corson lab has taken various approaches, including structure-based drug 

design, in vivo pharmacology, and toxicology, illustrated in Figure 6.1C.  Interestingly, 

sEH, encoded by gene EPHX2, is a lipid-metabolizing enzyme that hydrolyzes epoxy 

fatty acids into corresponding diols, and sEH inhibitors have shown efficacy against 

numerous ocular diseases (Park and Corson 2019). 

Our previous results showed increased expression of sEH in the laser-induced 

choroidal neovascularization (L-CNV) mouse model and human nvAMD eyes (Sulaiman, 

Park et al. 2018). Lipid profiles of eyes with L-CNV were also altered, with a pronounced 

shift in sEH substrate to product ratio of epoxy fatty acids to diols. This was indicative of 

enhanced sEH activity in disease and highlighted the importance of bioactive lipid 

metabolism in the eye. However, the mechanism by which SH-11037 interacts with its 

target sEH remained elusive, and the cellular role of sEH in CNV remained unclear. 

Therefore, the objectives of my thesis research were to elucidate drug-target interactions 

through enzyme kinetics, investigate sEH mediated mechanisms that regulate CNV, and 

preclinically validate sEH as a therapeutic target through expression profiling and genetic 

modulation of the target expression. I hypothesized that SH-11037 binds to the active site 

of sEH and inhibits its epoxide hydrolase activity. In relation to therapeutic target 

validation of sEH in CNV, I hypothesized that sEH is overexpressed by retinal cell types 

that are involved in CNV pathology. I also hypothesized that sEH expression is required 

for CNV progression and targeting the sEH overexpressing cell types would suppress 

CNV. The results of my thesis provided a novel understanding of SH-11037’s 

mechanism of action against sEH, by demonstrating that SH-11037 is a mixed-

noncompetitive inhibitor of sEH with binding affinities towards both the active site of the 
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enzyme, and the enzyme-substrate complex. My in-depth expression profiling study 

challenged the existing theory on retinal sEH expression distribution by providing key 

evidence that sEH is differentially overexpressed in outer retinal pathology like CNV.  In 

addition, I showed that sEH is a critical mediator in CNV progression through 

demonstrating the efficacy of AAV8-Ephx2-shRNA in suppressing murine L-CNV. The 

long-term goal that I contributed to through my research is to advance the understanding 

of pathological choroidal neovascularization in nvAMD and develop a novel therapeutic 

strategy that can address the unmet shortcomings of existing therapy.  

6.2.2 Inhibitory activity of SH-11037 against sEH 

SH-11037 is an antiangiogenic homoisoflavonoid that the Corson lab previously 

discovered and identified sEH as its target in a pulldown assay. A lipidomic study 

indicated that SH-11037 is able to inhibit sEH dependent hydrolysis of epoxy fatty acids 

(EpFA) in vivo (Park and Corson 2019). In Chapter 3, I addressed the research aim of 

quantitatively and qualitatively evaluating the inhibitory activity of SH-11037 against 

sEH, thereby I provided the knowledge regarding potency and selectivity of SH-11037 

against sEH and discovered the mode of action of enzyme inhibition as mixed 

noncompetitive inhibition by SH-11037 for the first time.  

In the initial work of Chapter 3, I tested the inhibitory activity of SH-11037 on 

the cellular sEH activity in murine eye tissue lysates of L-CNV mice and the controls in a 

spectrophotometric assay, where sEH dependent hydrolysis of the substrate trans-stilbene 

oxide (t-SO) was measured as a change in absorbance at 230 nm. My study provided 

evidence that sEH activity is significantly enhanced in L-CNV eye lysates. This 

complemented previous Corson lab findings of sEH overexpression in L-CNV and 
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reduced ratio of sEH lipid substrate to product (DHA-derived 19,20-EDP: 19,20-DHDP) 

upon L-CNV induction, indicating increased sEH activity (Sulaiman, Park et al. 2018), 

therefore supporting that increased expression of sEH under the disease state is associated 

with increased enzymatic activity. The change in t-SO absorbance was significantly 

reduced by treatment with SH-11037 or a known sEH inhibitor, compound 7, suggesting 

inhibitory activities of these compounds on cellular sEH activity (Figure 3.1). This 

finding provided a rationale to determine quantitative metrics of inhibitory activity of 

SH-11037 that will provide information about the functional strength of SH-11037 as an 

sEH inhibitor. 

In the following study in Chapter 3, I tested the hypothesis that SH-11037 binds 

to and inhibits epoxide hydrolase activity of a recombinant human enzyme. In this study, 

I used a fluorogenic substrate, PHOME (3-phenyl-cyano(6-methoxy-2-

naphthalenyl)methyl ester-2-oxiraneacetic acid) (Cayman Chemical) in the enzyme 

activity assay, in which epoxide hydrolysis releases a fluorescent product, 6-methoxy-2-

naphthaldehyde. In this assay, I included known sEH inhibitors as positive controls that 

are structurally distinct from SH-11037, which is a homoisoflavonoid. Trans-4-(4-[3-

adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (t-AUCB) is a urea based specific 

sEH inhibitor while 7-(trifluoromethyl)-N-(4-(trifluoromethyl)phenyl) benzo[d]isoxazol-

3-amine (compound 7), is an benzisoxazole sEH inhibitor (Hwang, Tsai et al. 2007, Shen, 

Ding et al. 2009, Park and Corson 2019). I also included an inactive analog of SH-11037, 

SH-11098 that previously showed no biological activity in vitro (Basavarajappa, Lee et 

al. 2015). I found that SH-11037 inhibits sEH activity with an IC50 value of 0.15 µM, 

whereas other sEH inhibitors, compound 7 and t-AUCB showed greater functional 
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strengths with IC50 values of 9.5 nM (Figure 3.2; Table 3.1). This research output 

provided quantitative metrics of the relative functional strength of SH-11037 as an sEH 

inhibitor and presented a new kind of pharmacological compound for the inhibition of 

sEH. The results of a urea-based sEH inhibitor t-AUCB showing more favorable IC50 was 

coherent with enzymology and high content screening studies done, where substituted 

ureas including t-AUCB were discovered to be potent, selective, and competitive 

inhibitors of sEH with nanomolar Ki values based on the catalytic mechanism of sEH 

(Morisseau, Goodrow et al. 1999). However, for SH-11037, there was no comparative 

data about the underlying mechanism of action. Without a detailed enzymology study, 

there was no mechanistic basis to explain IC50 disparity of SH-11037 compared to other 

known sEH inhibitors while it showed favorable biological efficacy. 

The half-maximal inhibitory concentration, IC50, is defined as the concentration of 

inhibitor that confers a 50% decrease in rate under the specific assay conditions 

(Copeland, Pompliano et al. 2006). The key term in this definition is “specific assay 

conditions” because IC50 depends on enzyme concentration, and for competitive 

inhibition and mixed inhibition, IC50 will vary prominently depending on substrate 

concentration and its value will always be greater than Ki (Table 6.1) (Cha 1975). This 

means that the same inhibitor will have different IC50 under different assay conditions.  

In contrast to other specific sEH inhibitors like t-AUCB, high content mechanistic studies 

of drug-target interaction for SH-11037 were not investigated previously.  
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Quantitative metrics Dependence on  
assay conditions 

Example: 
competitive inhibitor 

[Substrate] [Enzyme] 
Inhibition constant No No Ki  
Half-maximal 
inhibitory 
concentration 

Yes Yes IC50 = Ki (1+[S]/ KM) + [E]/2 

 

Table 6.1: The difference between inhibition constant and half-maximal inhibitory 
concentration. The half-maximal inhibitory concentration, IC50 values obtained are 
highly dependent on assay conditions and the mode of inhibition. The inhibition constant, 
Ki is an intrinsic measure of potency. 
 

6.2.3 Mechanistic basis of SH-11037 targeting sEH 

Lastly, in Chapter 3, I reflected on the limitations of traditional quantitative 

metrics of IC50 alone and proposed to characterize the interaction of SH-11037 with its 

target with regards to modulating the enzymatic activity. Using recombinant human sEH 

and the fluorescent substrate PHOME, I conducted enzyme kinetics experiments and 

determined the rate of enzyme reaction with the range of inhibitor concentrations under 

different substrate concentrations. Based on enzyme kinetics parameters obtained from 

Michaelis-Menten and double-reciprocal (Lineweaver-Burk) plot, my enzyme kinetics 

analysis revealed that increasing concentrations of SH-11037 decreased Vmax and 

increased KM, with Ki = 1.73 ± 0.45 µM (Figure 3.3). This presented a special case of 

mixed-noncompetitive inhibition, which was confirmed by additional analysis through 

Dixon plot and secondary plots (Figure 3.5). Mixed-noncompetitive inhibition as shown 

by the mechanistic scheme in Figure 6.1 is distinct from competitive and uncompetitive 

inhibition, in which a competitive inhibitor binds to the enzyme and uncompetitive 

inhibitor binds only to the enzyme-substrate complex (Cha 1975). Mixed-inhibition may 

result in either an increase in KM or decrease in  KM. With increasing concentrations of 
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SH-11037, KM increased (KMapp > KM), reiterated in Lineweaver-Burk plot in Figure 6.1B, 

indicating greater affinity of SH-11037 towards binding to the free enzyme and more 

closely representing competitive inhibition. To confirm the binding site and mode of 

action of SH-11037, our collaborator Dr. Meroueh in the Department of Biochemistry 

and Molecular Biology at Indiana University conducted molecular docking studies and 

showed that SH-11037 binds in the hydrolase catalytic pocket of sEH in energetically 

favorable binding modes.  

My research findings in Chapter 3 have relation to the real-world drug discovery 

and development process. There are six major categories of druggable targets - enzymes, 

cell surface receptors, nuclear hormone receptors, ion channels, transporters, and DNA 

(Robertson 2005). Among these, enzymes present unique opportunities that are not 

available to drug targets of other protein classes. Because of the dynamic nature of 

enzymes, a single enzyme represents multiple different targets as a result of a compound 

binding to substrates, intermediates, and products during the catalysis. By gaining 

knowledge of the chemical mechanism of the enzyme, its transition state can be 

structurally characterized, the nucleophilic, active site amino acid residues that form 

covalent adducts with electrophiles can be explored, or the substrate analogue can be 

synthesized to be developed as an inactivator. Thus, enzymes have such opportunities 

unlike any other targets because enzyme targeting drugs can be designed and optimized 

based on the chemical species and interactions that emerge during the catalytic cycle 

(Holdgate, Meek et al. 2018). For this reason, SH-11037 provides a good example as a 

mixed inhibitor that can bind to multiple targets in the enzyme’s catalytic process. 

Therefore, the presence of SH-11037 does not completely prevent the substrate from 
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binding but slows down the rate at which the enzyme converts the substrate to product. 

Although most enzyme-targeting drugs are active site-binding competitive inhibitors, this 

does not undervalue the pharmacological potential of SH-11037 over other modes of 

enzyme inhibitors because there are marketed drugs of noncompetitive inhibitors that 

provided clinical success like neravirapine (nonnucleoside HIV-1 reverse transcriptase 

inhibitor) (Robertson 2005). The usefulness of noncompetitive inhibition in disease 

understanding and therapy is further presented by several examples: noncompetitive 

inhibition of hepatocellular carcinoma enzymes by disulfiram and inhibition of CYP450 

enzymes by benzodiazepines (Heng, Harris et al. 2010, Goto, Kato et al. 2016). These 

examples also highlight the advantage of polypharmacology that is unique to small 

molecules. 

As will be discussed further in future directions, enzymology is a powerful and 

established discipline that can provide important scientific insight in understanding drug-

target interactions. By combining classical concepts of enzymology with new data 

analysis methods, my study provided knowledge of relative functional strength, 

inhibitory potency, and the mode of sEH inhibition by SH-11037 with a distinct 

pharmacophore.  

Overall, my research outputs contributed to advancing the understanding of the 

drug-target relationship by quantitatively measuring the inhibitory activity of sEH 

inhibitors, including SH-11037 and defining the molecular mode of action of enzyme 

inhibition by SH-11037 for the first time. Characterization of half-maximal inhibitory 

concentration (IC50) and inhibition constant (Ki) contributed to elucidating both the 

inhibitory activity and potency of SH-11037 against sEH. In addition, through the 
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inspection of kinetic parameters of sEH inhibition, I revealed SH-11037 as a mixed-

noncompetitive inhibitor of sEH with binding affinity towards enzyme and enzyme-

substrate complex as summarized in Figure 6.1.  

 
Figure 6.1: Schematic summary of Chapter 3 research discovery of mixed 
noncompetitive inhibition of sEH enzymatic activity upon binding of sEH with SH-
11037. (A) SH-11037 is a mixed inhibitor with characteristics of both competitive and 
noncompetitive inhibitors, binding to E, enzyme, or ES, enzyme-substrate complex. 
Inhibitory activity of SH-11037 was determined by IC50 = 0.15 µM and the potency of 
SH-11037 as an sEH inhibitor was determined by the inhibitory constant value, Ki = 1.73 
± 0.45 µM. The chemical structure of I, inhibitor, SH-11037 is shown. S: substrate; ES: 
enzyme-substrate complex; EI: enzyme-inhibitor complex; EIS: enzyme-inhibitor-
substrate complex; P: product. (B) Lineweaver-Burk plots of SH-11037 inhibition of 
sEH. (C) Various approaches to enzyme-targeted drug design.  
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6.2.4 Immunolocalization of sEH in RPE and photoreceptor cells in murine          

L-CNV and human nvAMD retinas 

In the Chapter 1 introduction, it was described in depth that the retina is a 

specialized neural tissue with a complex cellular composition where distinct cellular 

layers of neurons and supporting cells process visual information. The retinal pigment 

epithelium (RPE) and choroid constitute the support system for photoreceptor cells. The 

choroid is part of the systemic circulation, and it is composed of choriocapillaries in its 

innermost layer. The choroid is one of the most vascularized tissues in the body by 

weight, and it is the major blood supply in the eye because the choroid blood supply 

serves RPE and photoreceptor cells that have high metabolic demand. In nvAMD, 

abnormal new blood vessels from the choroid grow into the RPE and neuroretina, 

underlying visual impairment (Ehrlich, Harris et al. 2008, Bird 2010). Thus, pathological 

changes in nvAMD preferentially affect photoreceptors, RPE, and the choroid.  

Given that retina is involved in cell type specific disorders, it is critical to gain 

knowledge of the localization of the therapeutic target expression in the eye. In Chapter 

4, I tested the hypothesis that sEH is overexpressed by the cell types involved in CNV 

pathology in retina. This was to build on our previous discoveries that sEH is upregulated 

in tissue homogenates of L-CNV eyes and overexpressed in CNV lesion sites (Sulaiman, 

Park et al. 2018).  My research aim was to conduct in-depth profiling of sEH expression 

to define cell types that overexpress sEH in human nvAMD eyes and murine L-CNV 

eyes, thereby addressing the knowledge gap about the cell type specificity and 

distribution of sEH expression under CNV in nvAMD.  
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The initial results in Chapter 4 illustrated immunolocalization of sEH along with 

other retinal cell markers: RPE (RPE65), cone photoreceptor cells (cone arrestin), rod 

photoreceptor cells (rhodopsin), Müller glia (vimentin), horizontal cells (calbindin), and 

retinal ganglion cells (Brn3a) in retina cross sections of control and L-CNV mice. Under 

the normal condition, sEH at the protein level was expressed at low levels in adult murine 

retinas. The results in the retinas of mice that had undergone L-CNV were different. In 

response to laser-induced injury, a substantial level of sEH positive cells were observed 

in vasculature and the outer layer of the retina. The overexpressed sEH prominently 

colocalized with rod photoreceptor cells, and partially colocalized with basal and apical 

surfaces of RPE (Figure 4.1), while coexpression of sEH with other cell markers 

including vimentin for Müller glial cells was minimal, suggesting acute laser injury to 

Bruch’s membrane, photoreceptors and the RPE induced expression of sEH (Figure 4.2).  

To investigate the retinal expression of sEH in diseases state further in Chapter 4, 

I stained human nvAMD retinas with antibodies against sEH and RPE, and lectins with 

binding affinities towards human rod and cone photoreceptor cells. In murine retinas, 

sEH expression was not seen in other uninjured retinal cells in the normal control murine 

retinas. In contrast, sEH was more highly expressed throughout the normal age-matched 

control human retinas. Interestingly, a higher degree of colocalization of sEH with 

photoreceptor and RPE cell markers were observed in nvAMD human retinas (Figure 

4.3) than in mice. This specific induction of sEH overexpression was detected in outer 

retina in human nvAMD, in areas that are likely undergoing degenerative changes. In 

contrast to murine retinas where colocalization of sEH and cone photoreceptor cells was 

not observed, sEH staining in human nvAMD retinas was substantially associated with 
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the outer segments of cones (Figure 4.3A). The immunofluorescence results also showed 

that sEH expression in human nvAMD is highly detected throughout RPE cells, not only 

limited to apical or basal surface, and colocalized with RPE65 (Figure 4.3B).  

Immunolocalization of sEH in retinas of murine L-CNV and human nvAMD eyes 

addressed gaps in existing knowledge by providing evidence of the spatial expression 

pattern of sEH in photoreceptor and RPE cells in addition to the vasculature that are 

involved in the CNV pathology. However, these findings challenged relevant findings in 

the literature that identified Müller glial cells as a major cell type expressing sEH in 

developing mouse retinas and oxygen-induced retinopathy (Hu, Popp et al. 2014, Shao, 

Fu et al. 2014).  Accordingly, the cross-interpretation of IHC/IF data among studies that 

used different antibodies against sEH was difficult, and highlighted potential limitations 

of the method where the lack of universally accepted standardization of antibody 

production, and potential variations in target specificity for antibodies can lead to 

discordant IHC/IF results (Bordeaux, Welsh et al. 2010).  

6.2.5 Cellular expression and localization of Ephx2 mRNA in murine L-CNV    

and human nvAMD retinas 

For the precise discrimination of cellular expression of sEH, validation of IF 

results was critical. Thus, I sought out the RNAscope in situ hybridization (ISH) method 

to provide complementary information regarding spatial and precise discrimination of the 

target expression in retina. RNAscope is an ISH technology with a unique probe strategy 

that achieves simultaneous amplification of signal even from rare RNA, and suppression 

of nonspecific background to allow visualization of target RNA within intact cells and 

preserved tissue morphology (Kiyama and Mao 2020). 
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The retinal expression patterns of human EPHX2 mRNA were consistent with 

prior IF data. The results illustrated broad expression of EPHX2 mRNA in vasculature 

and multiple cellular layers, but substantially in photoreceptor cell bodies in the outer 

nuclear layer and outer segments and in RPE (Figure 4.6A-C). In terms of photoreceptor 

expression of sEH vs. EPHX2 mRNA, sEH expression by IF was also substantial in the 

outer segments of photoreceptor, but EPHX2 mRNA was more localized to photoreceptor 

cell bodies in the outer nuclear layer. This indicates a difference in where EPHX2 mRNA 

is synthesized/produced and where the protein sEH is localized. The EPHX2 mRNA 

expression was markedly increased in nvAMD eyes, throughout the retina but most 

prominently in the RPE (Figure 4.6C).  

The retinal expression patterns of murine Ephx2 mRNA were interesting. In 

addition to prominent Ephx2 mRNA expression in the outer nuclear layer and moderate 

expression signals in the RPE, there were positive signals in the inner nuclear layer that 

colocalized with Apolipoprotein E mRNA (Apoe) which is synthesized in the retina by 

Müller glial cells. However, Ephx2 mRNA in the inner nuclear layer was not upregulated 

following laser injury whereas Ephx2 overexpression was prominently observed in 

photoreceptors and RPE in murine L-CNV (Figure 4.7A-C).  

Chapter 4 effectively used RNAscope ISH to detect target mRNAs in formalin 

fixed paraffin embedded (FFPE) retinal sections prepared from human eyes, and in fixed 

frozen tissue prepared from murine eyes. Furthermore, through multifluorescent 

RNAscope ISH, simultaneous detection of Apoe and Ephx2 mRNA bridged the gap in 

knowledge between differing IF data on where Ephx2 mRNA was found in the inner 

retina, that could not be captured by our previous IF study. Nevertheless, the results 
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supported that major cell types responsible for the overexpression of sEH under CNV, 

reside in the photoreceptor and the RPE. Given the differences in structure and gene 

expression between human and mouse retinas, this research aim highlighted the 

importance of expression profiling study conducted in both human and mouse retinas.  

6.2.6 Differential retinal distribution of sEH across species and disease          

models 

As described in the introduction, the retina is a host of cell type specific disorders. 

In nvAMD, the choroidal vasculature, RPE and photoreceptor cells of the outer retina are 

mostly involved in the pathological process, and in the mouse model of choroidal 

neovascularization, an injury is targeted towards those relevant cell types (Shah, Soetikno 

et al. 2015). In contrast, Müller glial cells that have intimate contact with retinal 

vasculature, play an outsized role upon retina injury that occurs in retinopathy (Coughlin, 

Feenstra et al. 2017), such as diabetic retinopathy and oxygen-induced retinopathy where 

cellular expression of sEH was more extensively profiled (Hu, Popp et al. 2014, Shao, Fu 

et al. 2014). Therefore, differential expression patterns of sEH across studies could be 

explained by biological differences among disease models and different cell types 

contributing to the distinct pathology. Indeed, differential target expression in the retina 

across disease models is ubiquitous. For instance, immunolocalization of phosphorylated 

mammalian target of rapamycin at S2448 (pmTOR at S2448) was strongly detected in 

outer and inner nuclear layers, and increased in the RPE, choroid and ganglion cell layers 

following the laser injury in the mouse L-CNV model (Yang, Madrakhimov et al. 2019).. 

Meanwhile, hyperglycemia induced pmTOR S2448 expression in streptozotocin (STZ)-
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induced mouse model of diabetes murine retinas was immunolocalized to Müller glia in 

addition to ganglion cells in retinopathy (Madrakhimov, Yang et al. 2021) 

My expression profiling study did not refute the previously reported Müller glia 

production of sEH, but it constructively challenged the existing studies by presenting 

evidence that showed that photoreceptors and the RPE are the major cell types 

responsible for the overexpression sEH in CNV. This highlighted a functional role of 

sEH in AMD pathophysiology (discussed further in Chapter 6.4) and provided a novel 

context to target these cell types in Chapter 5 study employing a gene therapeutic 

approach.  

6.2.7 Efficient and stable transduction of AAV serotype 8 mediated delivery         

of shRNA targeting Ephx2 in photoreceptors and the RPE 

Early in-depth target validation is critical in drug development to ensure that 

engagement of the target has a therapeutic benefit (Hughes, Rees et al. 2011). To test the 

hypothesis that sEH is required for CNV progression, I employed an adeno-associated 

virus (AAV) mediated gene therapeutic approach to disrupt target gene expression in the 

murine L-CNV model. With reference to Chapter 5 background, AAV is one of the most 

widely used viral vectors in the eye, as highlighted by the first clinical success with AAV 

being in treating inherited retinal disease (Bainbridge, Smith et al. 2008, Smalley 2017). 

The favorable safety profile of AAV, low immunogenicity risk in the eye, and ability to 

stably transduce retinal cell types presented AAV as an ideal viral vector to deliver 

shRNA against Ephx2 (Day, Byrne et al. 2014).  

Upon intravitreal injections of two different viral doses of AAV8 vectors 

encoding U6 promoter-driven Ephx2 shRNA and CMV promoter-driven mCherry (4.9 x 
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106 GC or 1.9 x 107 GC) or PBS vehicle as a control, I demonstrated in vivo transduction 

through evaluating mCherry expression. By fluorescence fundus imaging, I detected 

mCherry expression as early as 2 weeks post intravitreal injection of AAV (Figure 5.1A). 

Following imaging results showed a maximum level of fluorescence at week 3 and the 

persistent transduction was observed until week 5 with a higher transduction level 

achieved at 1.9 x 107 GC without causing substantial morphological changes to retina, 

which was assessed by OCT imaging (Figure 5.1B). Additionally, confocal microscopy 

imaging of transverse retinal sections allowed identification of transduction patterns of 

cell types by AAV8 vector. In AAV8 injected eyes, vector transduction in the outer 

nuclear layer, inner and outer segments of photoreceptors, and the RPE was evident at 1.9 

x 107 GC. However, in the eyes injected with 4.9 x 106 GC of AAV8, only a minimal 

level of mCherry positive transduced cells were observed in the photoreceptor cells, and 

RPE transduction was not achieved (Figure 5.1C).  

The study results of this initial work of Chapter 5 aim to emphasize the 

importance of careful consideration of serotype, viral dose, timeline, and route of 

delivery when designing experiments using AAV as a viral vector for gene delivery. 

Different routes of intraocular injections may facilitate gene delivery to certain cell types. 

Intravitreal injections facilitate brining AAV in contact with retinal cells in the inner 

retina, and the subretinal injections facilitate AAV access to the outer retinal cells 

(Garita-Hernandez, Routet et al. 2020). The mechanism of cell type specific AAV 

transduction is defined by the interaction between AAV capsid proteins and the cell 

surface molecules (Schultz and Chamberlain 2008, Haery, Deverman et al. 2019). 

Different primary and secondary receptors on the cell surface will allow AAV cell 
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attachment and entry through endocytosis, into the nucleus by different pathways. Thus, 

AAV transduction efficiency is based on protein composition of the capsid (the AAV 

serotype) and the cell surface molecules (distinct cell types) (Garita-Hernandez, Routet et 

al. 2020). The primary cellular receptors for most AAV serotypes, including AAV8, 

remain unknown, and the binding to the primary receptor alone is not sufficient for AAV 

cell entry, but interactions with secondary co-receptors on the cell surface are required for 

AAV vectors to be internalized. For AAV8, laminin receptor (LamR) had been identified 

as a co-receptor for AAV8 and other serotypes – AAV2, 3, and AAV9 (Akache, Grimm 

et al. 2006, Srivastava 2016). Studies have utilized retinal organoid and RPE cells derived 

from human induced pluripotent stem cells to verify retinal and RPE cell expression of 

LamR (Garita-Hernandez, Routet et al. 2020).  

6.2.8 AAV serotype 8 mediated delivery of shRNA targeting Ephx2 inhibited CNV 

progression  

Following the determination of optimal viral dose and experimental timeline, the 

study presented in Chapter 5 evaluated the efficacy of AAV8 expressing shRNA against 

Ephx2, delivered intravitreally in murine L-CNV. Mice received intravitreal injection of 

1.9 x 107 GC of AAV8-Ephx2 shRNA, AAV8-scrambled shRNA control or PBS control 

on day 0, and L-CNV was induced 7 days post AAV injection, and the CNV lesion 

progression along with in vivo transduction were kept under observation through weekly 

retinal imaging. The results demonstrated that 1.9 x 107 GC of AAV8-Ephx2 shRNA 

significantly suppressed CNV lesion volume compared to AAV8-scrambled shRNA 

control or PBS control. The non-invasive retinal imaging showed stable mCherry 

expression, and immunoblotting analysis demonstrated downregulation of sEH 
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expression at the protein level in AAV8-Ephx2 shRNA treated retinas and RPE/choroid 

tissue lysates. This verified that the suppression of CNV lesion progression concurred 

with downregulation of sEH expression and provided key evidence that sEH is implicated 

in a disease state. This provides a rationale for continuing a future study with a 

hypothesis that photoreceptor or RPE dependent expression of sEH causes choroidal 

neovascularization by promoting inflammation. If the hypothesis is true, sEH is present in 

photoreceptor and the RPE during choroidal neovascularization, which my study 

demonstrated in Chapter 4. Continuously, for the hypothesis to be true, choroidal 

neovascularization will be suppressed in the absence of sEH, which I demonstrated 

through Chapter 5 study that reduced sEH expression in photoreceptors and the RPE 

using a viral vector that has tropism towards those cells. Finally, for the causal to be true, 

a study must additionally demonstrate that sEH activity causes pro-inflammatory 

molecules to be activated in CNV of that inhibition of sEH and potentiation of EpFAs 

resolve inflammation. For most of the drug targets in lipid metabolism, such as 

cyclooxygenase (COX) and lipoxygenase (LOX), the pathway leads to the production of 

pro-inflammatory prostaglandins and leukotrienes. In contrast, sEH activity in the CYP 

pathway is involved in the production of anti-inflammatory, pro-resolving EpFAs 

(Wagner, McReynolds et al. 2017, Kodani and Morisseau 2019). In a conventional 

pharmacological therapeutic strategy, such as non-steroidal anti-inflammatory drugs 

(NSAIDs) with COX-inhibitor, the emphasis is on depletion of certain products by 

targeting the upstream protein, or enzyme. But in the sEH targeting strategy, rather than 

the production of pro-inflammatory products that are the case for COX or LOX, the 

therapeutic mechanism lies in the increased level of EpFAs that are anti-inflammatory, as 
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discussed in detail in Chapter 1.8 sEH inhibition and EpFAs in Angiogenesis and 

Inflammation. Therefore, in a future study, such resolving biological effects of EpFAs 

and sEH inhibition can be explored in specific cell types such as RPE, to strengthen the 

causal relationship between sEH and CNV. 

Therapeutic efficacy of AAV8-Ephx2 shRNA not only provided important 

knowledge in gaining confidence in the druggable target and disease, but also presents an 

exciting option of a therapeutic strategy in targeting sEH, that would address 

shortcomings of existing biologics or small molecule compounds that are efficacious but 

have limitations in absorption, distribution, and elimination. The molecular weight plays 

a key role in drug absorption and elimination. Small and lipophilic drugs can cross the 

blood-retinal barrier, but they are cleared in the posterior segment of the eye; therefore it 

is difficult to sustain a high level of small molecule drugs for the retinal diseases (Varela-

Fernández, Díaz-Tomé et al. 2020, Sarkar, Junnuthula et al. 2021). Large molecular 

weight biologics are often administered via intravitreal injection, which is a highly 

targeted route of administration, overcoming systemic exposure and obtaining high 

bioavailability of the drugs in the vitreous chamber (Varela-Fernández, Díaz-Tomé et al. 

2020). However, repeated intravitreal injections of anti-VEGFs are still required, 

contributing to intraocular complications (Cox, Eliott et al. 2021), and present a burden to 

patients and the healthcare system (Schmidt-Erfurth, Chong et al. 2014). Unlike anti-

VEGF biologics that require frequent IVT injections, AAV gene therapy could offer 

stable delivery of therapeutic target manipulation that will persist (Sarkar, Junnuthula et 

al. 2021). Indeed, there are numerous completed and ongoing AAV based gene therapy 

clinical trials for nvAMD, such as a completed phase I clinical trial of intravitreous 
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injection of an AAV2 vector expressing the VEGF-neutralizing protein sFLT01 from 

Sanofi  (NCT01024998).  In addition to various advantages of AAV, it has shortcomings 

due to the restricted transgenic capacity, and there is a risk of rapid elimination in certain 

individuals who have previous exposure to viral vectors (Surace and Auricchio 2008). 

6.2.9 AAV8 serotype 8 mediated delivery of shRNA targeting Ephx2        

suppressed expression levels of inflammatory molecules 

A growing body of evidence has shown that sEH plays important roles in vascular 

abnormalities and inflammation (Capozzi, Hammer et al. 2016, Hasegawa, Inafuku et al. 

2017, Wagner, McReynolds et al. 2017). Inflammation plays important roles in the 

pathogenesis of CNV where production of pro-inflammatory mediators induces 

endothelium activation, increased expression of adhesion molecules by the activated 

endothelium, migration of macrophages and increased vascular permeability, all together 

promoting choroidal neovascularization (Campa, Costagliola et al. 2010). Importantly, 

the current study presented in Chapter 5 showed that downregulation of sEH expression 

with AAV8 mediated delivery of Ephx2 shRNA decreased several major inflammatory 

molecules involved in CNV pathogenesis. The mRNA expression levels of inflammatory 

cytokine genes Il1b, Il6, Tnfa, and Ccl2, and that of a cell adhesion molecule Icam1 were 

significantly reduced by Ephx2 shRNA in treated retinas compared to scrambled shRNA 

control. Moreover, mRNA levels of Il1b, Il6, and Ccl2 were significantly reduced in 

treated RPE/choroids compared to the scrambled shRNA control.             

IL-1b belongs to the IL-1 family of cytokines that are implicated in the initiation 

of acute inflammatory responses (Dinarello 2009). Furthermore, IL-1b has potent 

chemotactic and angiogenic properties of IL-1b in addition to initiating acute 
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inflammatory responses (Carmi, Voronov et al. 2009), and its implication in nvAMD 

pathogenesis is well established (Oh, Takagi et al. 1999, Zhao, Bai et al. 2015). In AMD, 

choroid vasculature and the RPE secrete IL-1b (Oh, Takagi et al. 1999). IL-1β was also 

shown to activate and enhance the production of IL-6 and Ccl2 (McGeough, Pena et al. 

2012) (Natoli, Fernando et al. 2017). Importantly, IL-6 has potent angiogenic properties 

and is involved in CNV development, along with numerous correlative observations in 

human nvAMD samples (Gopinathan, Milagre et al. 2015, Knickelbein, Chan et al. 2015, 

Droho, Cuda et al. 2021). Likewise, TNF-α has been implicated in human nvAMD and 

murine L-CNV (Wang, Han et al. 2016)(R. Klein et al., 2014). CCL2 is a member of the 

chemokine family that directs leukocyte migration (Raoul, Auvynet et al. 2010). CCL2 

expression is very low in healthy retina and RPE (Chen, Liu et al. 2008), but significantly 

upregulated with acute inflammation, age, and oxidative stress in the RPE (Higgins, 

Wang et al. 2003, Nakazawa, Hisatomi et al. 2007). Several studies using CCL2 

knockout mice strongly suggest that CCL2 mediated recruitment of monocytes and 

macrophages to the CNV lesion site contributes to creating a proangiogenic 

microenvironment (Raoul, Auvynet et al. 2010). Considering the role of CCL2 in 

leukocyte migration, the inhibitory effect on Ccl2 expression by AAV8-Ephx2 shRNA is 

intriguing and could corroborate other studies that reported sEH inhibition and the 

omega-3 EpFAs (lipid substrates of sEH) interfered with leukocyte invasion into the 

CNV lesion (Hasegawa, Inafuku et al. 2017).  

The delivery of AAV8-Ephx2 shRNA also significantly reduced Vegfc in the 

treated retinas. Interestingly, this study result is corroborated by a study which showed 

inhibition of VEGF-C mRNA expression by the EpFA substrate of sEH, 19,20-EDP 



 

 134 

(Zhang, Panigrahy et al. 2013). In Chapter 1 introduction, VEGF signaling in 

angiogenesis was discussed in depth (Figure 1.2). Unlike VEGF-A, which plays a 

dominant role in the regulation of angiogenesis, VEGF-C is primarily involved in 

lymphangiogenesis through VEGFR-3 signaling. However, it is yet premature to exclude 

the possibility of blood and lymphatic vessels regulating each other, as angiogenesis and 

lymphangiogenesis occur simultaneously (Nakao, Hafezi-Moghadam et al. 2012).  

Overall, in relation to the current understanding of inflammatory contribution in 

CNV, the research outcome in Chapter 5 showing the downregulation of pro-

inflammatory molecules with potent angiogenic properties indicate that targeting sEH 

suppresses the inflammatory pathogenesis of CNV in vivo.   
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Figure 6.2: Schematic summary of Chapter 4 and 5 studies. Chapter 4 study of 
retinal spatial expression of sEH at both the protein and mRNA levels through 
immunohistochemistry and RNAscope concluded that photoreceptors and the RPE are 
the major cell types that overexpress sEH in the murine L-CNV and human nvAMD 
retinas. Chapter 5 study demonstrated the efficacy of targeting sEH expression in these 
cell types, with AAV8-Ephx2 shRNA, which has tropism against RPE and photoreceptor 
cells. Intravitreal injection of AAV8-Ephx2 shRNA significantly reduced CNV and 
normalized CNV-related inflammatory markers upon sEH knockdown. Thus, the present 
study revealed sEH overexpression in disease relevant retinal cell types, indicating a 
functional role of sEH in AMD pathophysiology, and providing a novel therapeutic 
strategy to target these cell types for developing pharmacotherapies. 
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6.3 Limitations 

6.3.1 Use of synthetic substrate in sEH activity assay 

The epoxide hydrolase activity of sEH catalyzes the addition of a water molecule 

to an epoxide into a corresponding diol (Harris and Hammock 2013). In Chapter 3, sEH 

activity assay was performed with different synthetic substrates, trans-stilbene oxide (t-

SO) for the epoxide hydrolase activity assessment in the murine tissue lysates, and (3-

phenyl-oxiranyl)-acetic acid cyano-(6-methoxynaphthalen-2-yl)-methyl ester (PHOME), 

for the recombinant human sEH activity assay (Figure 6.3).  

Because t-SO is very sensitive to sEH epoxide hydrolase activity, it was useful in 

measuring sEH activity in the crude tissue lysates. However, t-SO is also a substrate for 

glutathione-S-transferases (GST) (Gill, Ota et al. 1983). To remove GSH from the tissue 

lysates, polarity extraction with two solvents would be required – firstly isooctane, a 

nonpolar solvent separates hydrophobic epoxide substrate from the water phase and 

retains the diol and glutathione conjugates in the buffer. Secondly, hexanol, a polar 

solvent extracts the epoxide and diol from the water phase; consequently, only the 

glutathione conjugates are left in the buffer phase (Morisseau and Hammock 2007). This 

extent of expertise in analytical chemistry was not established; therefore, the inherent 

activity of GSH in the tissue lysate could not be excluded.  

The fluorogenic substrate PHOME was useful in measuring the inhibitory potency 

against sEH activity and it is an ideal substrate when working with the purified sEH 

(Morisseau and Hammock 2007). However, this substrate is structurally distinct from 

physiological endogenous lipid substrates of sEH (Figure 6.3). Measuring sEH activity 

using epoxy fatty acids would have provided additional information with more 
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physiological relevance, but these endogenous lipid substrates and products are neither 

absorbent, nor fluorogenic. Therefore, the only suitable method of detecting these lipids 

simultaneously would be to develop High Performance Liquid Chromatography with 

mass spectrometry HPLC-MS/MS. Besides this, another limitation of PHOME as a 

substrate is its epoxide being sensitive to extreme pH conditions, which was avoided by 

stabilizing the pH with reaction buffer in the assay.  

 
Figure 6.3: Synthetic and endogenous substrates of sEH hydrolase activity. 
Substrates used in the Chapter 3 study protocols to measure soluble epoxide hydrolase 
activity:  t-SO, trans-stilbene oxide; PHOME, (3-phenyl-oxiranyl)-acetic acid cyano-(6-
methoxynaphthalen-2-yl)-methyl ester, and a representative endogenous epoxy fatty acid 
substrate of sEH: 19,20-EDP, 19,20-epoxydocosapentaenoic acid. 
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6.3.2 Differences between human nvAMD etiology and murine L-CNV           

model 

The mouse laser-induced choroidal neovascularization (L-CNV) model was used 

in the present studies. In Chapter 3, the epoxide hydrolase activity of sEH in L-CNV 

tissue lysates was examined. In Chapters 4 and 5, the L-CNV model was used to study 

the cellular expression of sEH and to determine the efficacy of AAV8-Ephx2-shRNA.  

The mechanistic basis of L-CNV involves administration of photocoagulation, a 

targeted laser injury to the RPE and Bruch’s membrane, inducing growth and invasion of 

new choroidal vessels into the subretinal space, thus recapitulating choroidal 

neovascularization of nvAMD (Gong, Li et al. 2015, Shah, Soetikno et al. 2015). 

However, acute laser injury in the L-CNV model is not representative of the human 

AMD pathology, which is first initiated by multifactorial risk factors, including age-

related changes, sustained inflammatory signaling, and oxidative stress (rather than acute 

inflammation) (Pennington and DeAngelis 2016, Fleckenstein, Keenan et al. 2021).  

Another limitation of using the mouse model lies in the species difference 

between the organization of murine and human retinas. In human AMD pathology, there 

are certain features of the macula that makes it more susceptible to AMD. One that many 

researchers have focused on is the high photoreceptor density in the human macula 

leading to high phagocytic demand for the RPE and the thinness of Bruch’s membrane 

compared to that of the peripheral retina (Chong, Keonin et al. 2005). Because murine 

retinas do not have a macula, therefore it would be challenging to ask questions using this 

model of what makes macula in the human retina more susceptible to AMD pathology. 

However, L-CNV is a powerful model when addressing questions about choroidal 
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neovascularization, and it is a validated method for testing the efficacy of novel therapy 

with anti-angiogenic and anti-inflammatory properties given that L-CNV presents 

angiogenesis under laser-induced inflammatory injury and mimics critical pathological 

features of nvAMD (Gong, Li et al. 2015). 

6.3.3 Lack of longitudinal monitoring of L-CNV 

Without longitudinal collection of tissue and analysis, a limitation of the Chapter 

5 study is that the data are only representative of changes in the chorioretinal 

microenvironment at day 14 post L-CNV. This may not fully capture the effects of 

AAV8-Ephx2 shRNA on the molecular mechanisms implicated in temporal progression 

of CNV. In addition, the present study does not identify changes in sEH-dependent lipid 

metabolites. However, our previous lipid profiling study has demonstrated that the ratio 

of 19,20-EDP to 19,20-DHDP was significantly decreased in L-CNV chorioretina, 

indicative of increased sEH activity, and the pharmacological inhibition of sEH 

normalized this ratio, providing evidence that sEH inhibition potentiates 19,20-EDP in 

chorioretina microenvironment (Sulaiman, Park et al. 2018). This finding corroborates 

the antiangiogenic effects of dietary intake of ω-3 PUFAs and 19,20-EDP in animal 

models of ocular angiogenesis (Yanai, Mulki et al. 2014, Hasegawa, Inafuku et al. 2017). 

 

 

 

 

 

 



 

 140 

6.4 Future Directions 

6.4.1 Drug development of sEH inhibitors 

In Chapter 3, my study excitingly demonstrated SH-11037 as a distinct 

chemotype of sEH inhibitor. Combined with previous in vitro and in vivo efficacy studies 

from the Corson lab, there is a rationale to explore routes of drug delivery other than 

intravitreal injection because small molecules could provide advantages over biologics as 

they might be administered through non-invasive routes such as eye drops. Unlike 

biologics with large molecular weight, small molecules have the advantage of being 

formulated as eye drops and administered topically, but most of the topically 

administered drugs are indicated for ocular diseases involving anterior segments (e.g., 

cornea, iris, or the conjunctiva). Historically, topical administration for treating posterior 

retinal diseases has been a challenging pharmacological strategy because sustaining 

therapeutic drug concentrations in the back of the eye is difficult due to weak drug 

penetration and rapid clearance (Varela-Fernández, Díaz-Tomé et al. 2020, Sarkar, 

Junnuthula et al. 2021). However, these challenges can be overcome if future research 

can combine small molecules with an innovative delivery technology. 

Based on the mixed inhibition mode by SH-11037 in which SH-11037 had 

binding affinity towards entities other than the active site of the enzyme, target specificity 

of SH-11037 could be explored further to identify potential binding to other 

pharmacologically important proteins. The tendency of drugs to interact with multiple 

targets, known as polypharmacology, remains a major challenge because the off-target 

effects may cause unintended side effects. Polypharmacology, on the other hand, can also 

open new avenues to drug development and design (Reddy and Zhang 2013). It remains 
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unknown if SH-11037 has protein targets other than sEH. No other binding proteins were 

identified in our previous pulldown study using SH-11037 based affinity 

reagents,(Sulaiman, Park et al. 2018). To determine whether the nonspecific interaction 

could render beneficial therapeutic effects or have potential for unwanted adverse effects, 

it will be important to assess the overall risk and benefit ratio of SH-11037 in the eye 

related to its target specificity. However, no specificity induced adverse effects are likely 

with the intravitreal delivery of SH-11037, given the comprehensive safety profile and 

lack of intraocular toxicity that were previously demonstrated (Sulaiman, Merrigan et al. 

2016).  

As a means of target validation, nonspecificity of small molecule compound may 

present a disadvantage, but it is important to note that the ability of small molecule drugs 

to bind and interact with a wide range of therapeutic targets could be an advantage 

compared to biologics that only address extracellular targets. There are many examples of 

clinical success with polypharmacology of small molecules offering therapeutic benefits. 

For instance, it is the idea of polypharmacology that allows repurposing of drugs (Chopra 

and Samudrala 2016). Importantly, a COX-2/sEH dual inhibitor has been characterized as 

a potent agent against tumor angiogenesis and tumor growth (Wang, Zhang et al. 2018). 

Utilization of such dual inhibitors or combined treatment of sEH inhibitors with other 

anti-inflammatory agents could also provide therapeutic potential against neovascular and 

inflammatory eye diseases. 
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6.4.2 Functions of sEH in the RPE 

Intriguing findings from Chapters 4 and 5 studies include sEH overexpression in 

photoreceptors and the RPE of the murine CNV and human nvAMD retinas, and that 

intraocular knockdown of sEH suppressed inflammatory signaling molecules. Future 

research could pose a research question regarding the functional role of sEH in the RPE 

cells. It is important to note that the RPE cells and choroidal endothelial cells form the 

outer blood-retina barrier and regulate cellular migration and transport of molecules from 

the choroid  (Campbell and Humphries 2012)  Disruption of this barrier structure and 

function are major initiating factors in AMD pathogenesis and the transition from dry to 

nvAMD, as the RPE cells that make up the outer blood retina barrier get damaged,  

numerous growth factors and chemoattractants reach the choroid and activate choroidal 

endothelial cell transmigration into the sub-RPE space (Ambati, Atkinson et al. 2013) 

Therefore, dysregulation in either the RPE or choroid could result in stimulation of 

pathological CNV (McLeod, Grebe et al. 2009).  

The future study may hypothesize that sEH inhibition and the resulting 

potentiation of pro-resolving EpFAs will restore RPE dysfunction that is caused by 

AMD-relevant inflammatory and oxidative stressors. For this, it would be critical to 

identify key sEH-dependent EpFAs in the RPE through lipidomic analysis. For instance, 

single cell lipidomic and comparative lipidomic analysis of the lipid profiles in the retinal 

sections are presented as promising methods of gaining knowledge of lipid composition 

of the retina (Voigt, Mulfaul et al. 2019, Pereiro, Fernández et al. 2020). Upon 

identifying specific sEH dependent EpFAs found in the RPE, photoreceptors and choroid, 
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further studies into these specific EpFAs and their protective roles against pathological 

changes may be explored.   

Previously, I highlighted differences between human nvAMD etiology and the 

mouse model. Additionally, it is unknown whether the lipid changes seen in nvAMD are 

phenocopied in the retinas of mouse models. The plasma lipidomics of human and mouse 

showed similar lipid phenotypes, providing an overview of similarities in more than 100 

lipid species (Kaabia, Poirier et al. 2018).  To my knowledge, there is no published report 

of retina or ocular tissue specific comparative lipidomics between human and mouse. 

Therefore, translating lipidomics data from the mouse model in future should take 

potential differences into consideration, and utilize isolated cell culture system to dissect 

specific signaling roles of lipid species.  

6.4.3 Sex differential mechanisms of sEH regulation 

There is a growing awareness that sex is an important biological variable that 

needs to be more widely integrated into biomedical research. As discussed in Chapter 1, 

sex differences in the prevalence of AMD are apparent, where there is a greater number 

of female AMD patients, though the exact mechanistic basis remains to be elucidated. 

Regarding current anti-VEGF treatments for AMD, sex differential responses have been 

reported but results are conflicting. One study found that male sex reduced the 

therapeutic effect of anti-VEGF treatment on stabilizing the central retinal thickness in 

nvAMD patients (Bek and Klug 2018). This finding is supported by another study that 

identified male sex, in addition to age, as a factor that contributed to requiring re-

treatment for recurrence during the first 12 months. In contrast, another study that 

evaluated the effects of cardiovascular risk factors (Kuroda, Yamashiro et al. 2015), 
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concluded that sex does not have a strong effects on therapeutic efficacy of anti-VEGF 

treatment for nvAMD (Łądkowska, Gawęcki et al. 2021). In retina, one study reported 

that estrogen replacement treatment in rats increased VEGF levels (Dundar, Ozcura et al. 

2010) which may explain sex differential response to AMD treatment targeting VEGF. 

To complicate these findings even further, both female and male hormones regulate 

VEGF expression, however the results are conflicting depending on experimental 

conditions and tissues (Zhang, Wang et al. 2016, Xia, Xiao et al. 2021).  

Overall, as we pursue sEH as a therapeutic target for AMD and move forward 

with sEH targeting drug development, potential sex differential regulation of sEH is to be 

elucidated. Interestingly, I discovered sex differences in ocular sEH expression for the 

first time, in which male mice exhibited greater sEH expression compared to female mice 

in a pilot study (Figure 6.4).  

Interestingly, female specific downregulation of sEH expression was found in 

brain tissue (Zhang, Iliff et al. 2009). A recent publication revealed estrogen-dependent 

epigenetic regulation of sEH through the methylation of the Ephx2 gene promoter, 

resulting in reduction of sEH expression (Yang, Sun et al. 2018). Together with my 

preliminary data that showed decreased sEH expression in female mice retinas, there is a 

strong rationale to dissect estrogen-dependent regulation of retinal sEH expression, and to 

explore whether males and females differ not only in their sEH expression, but also in 

their response to pharmacological intervention against sEH. Due to this observation of 

female specific downregulation of sEH, sex was identified as a confounding variable that 

had to be controlled, thus the Chapter 5 study has a limitation for not having the 

comparison study results between male and female. Nevertheless, a future study 
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exploring this area would highlight the importance of sex and age (as estrogen level 

decreases with age (Horstman, Dillon et al. 2012)) in dosage optimization for sEH 

inhibition between male and females. As we pursue sEH as a therapeutic target for AMD 

and move forward with sEH targeting drug development, the female specific 

downregulation of sEH in the eye can provide insight into any potential role of estrogen 

in sEH-mediated ocular diseases and highlight the interesting future avenues for studying 

sex-differential responses to sEH inhibitors. 

 

Figure 6.4: Sex differences in sEH protein expression in retina. A) Immunoblot of 
protein extract from retina of untouched/baseline (lanes 1-6) and L-CNV eyes (lanes 7-9) 
of female (F) or male (M) mice. Purified human recombinant sEH was used as a positive 
control for immunoblotting (re-sEH). Each lane is a single retina from an individual 
mouse. B) Immunoblot quantification showing lower sEH expression in female compared 
with male, higher sEH with L-CNV in both female and male, and no significant 
difference (ns) in female and male with L-CNV. Mean ± SD, n = 3 biological replicates; 
*p<0.05, **p<0.01, ***p<0.001, ANOVA with Tukey’s post hoc test. 
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6.5 Closing remarks 

Ocular diseases cause visual impairment and blindness, imposing a devastating 

impact on quality of life and a substantial societal economic burden. Many such diseases, 

including neovascular AMD have unmet needs in pharmacotherapies. Therefore, 

understanding the mediators involved in their pathophysiology is necessary for the 

development of therapeutic strategies. To this end, the hydrolase activity of soluble 

epoxide hydrolase (sEH) has been explored in the context of several eye diseases, due to 

its implications in vascular diseases through metabolism of bioactive epoxy fatty acids. In 

the present thesis research, I discovered that SH-11037 is a mixed inhibitor of sEH 

through comprehensive mechanistic enzymology. I also identified photoreceptors and the 

RPE as major cell types that express sEH in murine and human retinas undergoing 

choroidal neovascularization and demonstrated the efficacy and molecular basis of 

AAV8-Ephx2 shRNA targeting in the murine L-CNV model. Taken together, this work 

comprises important progress in our understanding of CNV pathogenesis and the 

potential development of novel therapeutic strategies targeting soluble epoxide hydrolase 

by various methods.  
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