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CSE is a key enzyme involved in the production of H2S and glutathione. CSE has been shown to 

protect against oxidative stress, attenuate ischemia/reperfusion injury, and promote angiogenesis, 

functions which are typically beneficial in ischemic tissue. However, retinal ischemia can cause 

pathological vessel growth which disrupts the precise ocular architecture and leads to irreversible 

vision loss. Our goal was to determine the role of the CSE/H2S pathway in ischemia-induced 

pathological retinal neovascularization (NV). C57BL/6 CSE -/- and +/- littermates were exposed 

to 75% oxygen from postnatal day (P)7 to P12 causing vaso-obliteration (VO). Mice were 

returned to room air, creating relative hypoxia and spurring retinal NV until sacrificed on P17. 

The retinal vasculature was stained and the retinas flat mounted for fluorescence microscopy. 

Areas of NV and VO were quantified using standardized methods. Pups were genotyped. Western 

blotting was used to measure protein levels. OIR markedly upregulated CSE in wild type mice 

compared to age matched controls in room air. CSE
+/-

 mice exposed to OIR showed significantly 

less vaso-obliteration and significantly more neovascularization compared to CSE
-/-

 littermates 

(p<0.05). Upregulation of CSE to enhance ischemic tolerance likely exacerbates pathological 

retinal neovascularization, the more clinically significant event. The CSE/H2S pathway appears to 

be involved in the pathogenesis of ischemia-induced neovascular disease.  
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Chapter 1: Significance 

CSE, an enzyme in the transsulfuration pathway, is involved in the production of 

L-cysteine and H2S (Figure 1). L-cysteine is a substrate for glutathione, a common and 

well-studied antioxidant that functions in many different types of tissues. H2S, a 

widespread endogenous gaseous signaling molecule, is involved in signaling for a variety 

of cellular processes including apoptosis, inflammation, angiogenesis, and 

neuroprotection
1-4

. The retina has the highest metabolic demand per tissue density, thus it 

is prone to ischemia. In diabetic retinopathy, a condition affecting over 7 million 

Americans
5
, hyperglycemia leads to free radical formation, oxidative stress, and 

microvascular insult. Microangiopathy is a defining characteristic of diabetes mellitus. 

Ischemia occurs at locations where small vessels have high functional importance: the 

peripheral nerves, the kidneys, and the retina. This clinically manifests as diabetic 

peripheral neuropathy, diabetic nephropathy, and diabetic retinopathy.  

 

In ischemic tissues, pathways are upregulated that reduce the damage from the 

ischemia and oxidative stress, as seen in ischemic conditioning. Ischemia also causes 

circulation to increase blood flow to ischemic regions via vasodilation and new vessel 

growth. CSE has been shown to protect from oxidative stress as well as cause 

vasorelaxation and new vessel growth during ischemia
6-11

. Ischemic neovascularization is 

beneficial in many ischemic tissues such as the myocardium. However pathological 

retinal neovascularization, which in diabetics is known as proliferative diabetic 

retinopathy (PDR), the new vessel growth disrupts the precise ocular architecture and 

causes hemorrhages, fibrosis, and retinal detachments. PDR is routinely treated by 

destroying the peripheral retina via panretinal photocoagulation. This reduces the 

metabolic demand of the entire retina, decreases ischemia, curbs the retinal 

neovascularization, and ultimately reduces ocular morbidity. Compared to the seven 

million Americans with DR, only about five hundred-thousand are diagnosed with PDR
5
. 

There is considerable variation in the severity and progression of DR, as some patients 

never even progress to the proliferative phase. The cause and mechanisms for this 

discrepancy are largely unknown. 

 

To our knowledge, there is no literature on retinal CSE, and the literature on 

retinal H2S focuses on the antioxidant and neuroprotective effects
1, 12-15

 . There has been 

only one recent study investigating H2S in the context of retinal neovascularization, 

which detected increased H2S levels in the vitreous body and plasma of patients with 

PDR compared to non-diabetic controls
16

. There is also considerable data from other 

tissue types which show that CSE, H2S, and other H2S-producing enzymes modulate and 

promote angiogesis
1, 17

, an evolutionarily sensible function since new vessel growth is 

beneficial in most ischemic tissues. We hypothesize that the upregulation of the normally 

protective CSE may actually be pathological in the retina, leading to the development and 
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progression of pathological retinal neovascularization. The purpose of this project is to 

study the role of CSE in pathological retinal neovascularization, as CSE could be an 

important mediator of the neovascular shift in ischemic retinopathy. This could have 

paramount clinical significance in understanding conditions such as diabetic retinopathy 

and retinopathy of prematurity.  

 

Chapter 2: Background 

2.1. Cystathionine-gamma lyase (CSE) 

CSE is a gene involved in the transsulfuration pathway, responsible for producing 

L-cysteine, a precursor for glutathione and H2S (Figure 1). It has been shown that 

precursors and substrates of CSE such as homocysteine and methionine induce oxidative 

stress and the products of CSE such as L-cysteine, glutathione, and H2S reduce oxidative 

stress
18, 19

. CSE KO causes severe hyperhomocysteinemia
6
 

 

 
Figure 1: Diagram of the CSE/H2S pathway;  CBS: Cystathionine-β synthase, CSE: 

Cystathionine-γ lyase, CAT: Cysteine aminotransferase, 3-MST: 3-mercaptopyruvate 

sulfurtransferase, GCL: Glutamate cysteine ligase, GSS: Glutathione synthetase 
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Deletion or silencing of CSE causes increased vascular smooth muscle cell 

(VSMC) proliferation rate, diminished vasorelaxation
6, 20

, deficient wound healing 

ability
4
, reduced angiogenic ability

20
, increased susceptibility to oxidative stress

9
, and 

placental and maternal abnormalities in pre-ecclampsia
21

. CSE is thought to be very 

active in the vasculature and CSE KO mice also have reduced exacerbation of 

hyperglycemia-induced endothelial dysfunction
11

, which is part of the pathogenesis of 

diabetic retinopathy.  

 

The ischemic response consists of a consortium of changes in gene expression 

that helps with antioxidation, protection and neovascularization. After periods of 

ischemia, the return of oxygen-rich blood oxidizes molecules creating free radicals and 

inflammation, known as ischemia/reperfusion (I/R) injury. Thus, it has been shown that 

CSE overexpression effectively attenuates ischemia/reperfusion injury
10

. Only one paper 

looks at the function of CSE in the eye, which showed increased cAMP production in the 

retinal pigment epithelium
22

. The functions H2S and glutathione are more extensively 

studied than CSE. 

 

2.1.1 L-cysteine and CSE influence glutathione production 

Glutathione is an evolutionarily preserved molecule that functions as an important 

antioxidant. It is used in many metabolic and biochemical reactions like amino acid 

transport, protein synthesis, enzyme activation, and DNA synthesis and repair. 

Glutathione functions as a direct antioxidant and maintains other antioxidants in their 

reduced and active form like vitamin C and vitamin E
23

. CSE produces L-cysteine, a 

substrate and regulator of gamma-glutamylcysteine synthetase, the rate limiting step in 

glutathione production
24

. A significant amount of reduced glutathione is recycled or 

produced via CSE and CBS and the transsulfuration pathway
25

 (Figure 1). Glutathione 

also impacts NO production and function
26

. Inhibition of CSE leads to a loss of 

glutathione and exacerbates excitotoxic mitochondrial dysfunction
27

. 

 

2.1.2. L-cysteine and CSE influence H2S production 

CSE produces L-cysteine, the substrate of H2S, while also catalyzing the reaction 

that converts L-cysteine to H2S (Figure 1). H2S is transient and in small quantities and is 

often studied indirectly through H2S-producing enzymes such as CSE. CSE deletion 

markedly reduces H2S concentration in the serum, aorta, heart, and other tissues
6
. The 

previously mentioned functions of CSE are also functions of H2S, which is involved in 

antioxidatation, cellular metabolism, ischemic protection, angiogenesis, wound healing, 

and inflammation. A more extensive summary of H2S is presented in Section 2.2. 

 

2.1.3. Summary 
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Most literature investigates CSE in the context of H2S, although more recent 

literature has studied the contribution of CSE in L-cysteine and glutathione production. 

Regardless, the majority of the literature investigates the function of CSE in the setting of 

H2S, thus CSE and H2S have been shown to have incredibly similar functions. Therefore, 

most of the background will discuss the effects of H2S, as increased CSE expression 

leads to increased endogenous H2S.  

 

2.2. Hydrogen Sulfide 

H2S has traditionally been considered a toxic environmental pollutant, however a 

resurgence in biomedical research on H2S has occurred over the past decade, and it is 

now considered an integral gaseous signaling molecule along with carbon monoxide or 

nitrous oxide (NO). It is a challenge to study H2S directly since the physiological 

concentrations of H2S are miniscule (in the 10microM range), the in vivo half-life 

estimated to be between seconds and minutes
28-31

, and there are no robust assays that 

directly measure H2S. Adding confusion, the function of H2S is also highly dependent on 

the concentration and other physiological conditions. H2S is often studied through 

indirect methods such as looking at the expression of the H2S-producing enzymes.  

 

2.2.1. H2S Production 

H2S may be produced through enzymatic pathways or non-enzymatic pathways 

(redox reactions), although the enzymatic pathways are responsible for most H2S 

generation
32

. There are three known H2S producing enzymes: cystathionine-gamma lyase 

(CSE), cystathionine-beta synthase (CBS), and 3-mercaptopyruvate sulfur transferase (3-

MST). CSE and CBS are involved in the transsulfuration pathway, which converts 

methionine to homocysteine to cystathionine to L-cysteine (Figure 1). CSE and CBS also 

convert L-cysteine into H2S. 3-MST coupled with cysteine aminotransferase (CAT) 

convert L-cysteine and alpha-ketoglutarate into H2S, and 3-MST coupled with D-amino 

acid oxidase convert D-cysteine into H2S. CSE and CBS are most active in the 

cytoplasm, while 3-MST is most active in the mitochondrial matrix
32

.  A human CBS 

deficiency causes a clinical disease known as hyperhomocysteinemia, a syndrome 

characterized by connective tissue disorders and increased risk of thrombo-embolic 

events
33

. 

 

There are many conflicting studies on the expression of these enzymes in different 

tissue types. Some suggest 3-MST is the dominant enzyme in the central nervous system 

and CSE is the dominant enzyme in the vasculature
4, 6, 11, 20

. There is some controversy 

about enzymatic expression in the retina, as some studies do not find CBS in the murine 

retina. Other studies show that CBS, CSE, and 3-MST are all present in the murine 

retina
12, 34-36

. Additionally, literature suggests that the recently discovered 3-MST may 

play a large role in neuroprotection
12

. However, there is no solid evidence on the 
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differential enzymatic expression and function in the retina, and there could be overlap in 

the function of the enzymes. Regardless, the H2S has considerable functional relevance in 

the retina and the retinal vasculature
36

.  

 

2.2.2. Molecular interactions of H2S 

H2S’s protective effects in ischemia and I/R injury, as well as its angiogenic 

ability, is closely tied to NO, vascular endothelial growth factor (VEGF), and hypoxia-

inducible factor 1α (HIF-1α). Some evidence shows that H2S and NO have overlapping 

functions for angiogenesis and ischemic protection. There is significant crosstalk between 

the two molecules in endothelial cells
37

. NO contributes to H2S’s cytoprotective effects 

and aniogenic ability and vice versa
20, 38

. Both molecules are phosphodiesterase 

inhibitors, and they prevent the destruction of cyclic GMP, a known promoter of 

angiogenesis
38, 39

. There is conflicting evidence whether the angiogenic effects of H2S are 

completely dependent on NO
40, 41

.  

 

H2S also interacts with VEGF: the presence or absence of H2S significantly 

increases or decreases the angiogenic function of VEGF, respectively
4, 20

. Additionally, 

VEGF strongly influences the angiogenic ability of H2S. These pathways have not yet 

been fully delineated, and some studies have shown that they act through different 

intermediates
42

, and that the angiogenic functions H2S and VEGF can be somewhat 

additive
4, 42

. H2S has been shown to increase angiogenesis under stressful and ischemic 

conditions. H2S upregulates HIF-1α, a promoter of angiogenesis in hypoxic tissue
43-45

. 

NO and VEGF are also linked to HIF-1α upregulation.  

 

Evidence shows that H2S and ischemic conditioning actually modify similar 

signaling pathways such as KATP channels and inducible nitric oxide synthase
46, 47

. There 

is much overlap in the function of NO and H2S, however, the two molecules have 

competing functions in redox signaling from post-translational protein modification.  

Post-translational protein modification is now regarded as an important regulatory step in 

cellular and physiological functions. H2S promotes S-sulfhydration of cysteine residues, 

creating hydropersulfide (-SSH)
18

. The actions S-sulfhydration is thought to compete 

with NO-induced S-nitrosylation of protein residues. Interaction of post-translational 

effects H2S and NO may fine tune the balance of gene expression during ischemic 

conditions to optimize cell survival
48

. 

 

2.2.3. H2S Function 

Many of the functions of H2S are through interacting with its previously 

mentioned signaling partners, and many of the functions of H2S are the same as the 

functions of NO, HIF-1α, and VEGF. There is extensive evidence displaying hydrogen 

sulfide’s function as a cytoprotectent through influencing cellular metabolism, cellular 
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transmission, inflammation, and antioxidation
1, 15, 49, 50

. There is also considerable 

evidence about the angiogenic and vascular effects of H2S.  

 

2.2.3.1 H2S is an antioxidant 

H2S acts as an indirect and direct antioxidant. It is a direct free radical scavenger, 

as seen in multiple tissue types including the retina, central nervous system, and 

vasculature
8, 51

. H2S also acts as an indirect antioxidant by upregulating a cellular cystine-

glutamate transporter and by increasing the levels of other antioxidants
2, 8, 50

. Cystine is 

pumped into the cell and is converted to cysteine, a substrate for hydrogen sulfide and 

glutathione. H2S inhalation increases the production of glutathione, a common 

antioxidant
50

.  H2S also regulates endoplasmic reticulum stress and helps facilitate the 

translocation of Nrf2 into the nucleus, which upregulates other genes relating to 

antioxidation
52

. H2S stabilizes the mitochondrial membrane, thought to be related to its 

antioxidant ability
50

. In diabetes mellitus, hyperglycemia generates free radicals and 

oxidative stress in the endothelial cells
53

, and H2S has been shown to protect the 

vasculature against such insults
11, 54

. 

 

2.2.3.1. H2S in cellular metabolism 

H2S modifies cellular metabolism. Through changing ion channel permeability, 

H2S attenuates cellular excitation and sympathetic transmission causing a decrease in 

energy expenditure
12, 13, 55-57

. In the eye, this has been seen in the retina
12

, retina pigment 

epithelium
22

, and the iris/ciliary body
55, 57

. In addition to attenuating cellular excitation, 

H2S inhalation can also reduce energy expenditure through the induction of a hibernation-

like metabolic state
49

. H2S inhalation causes a dose-dependent reduction in heart rate, 

respiratory rate, energy expenditure, and core body temperature in mice
58

. Cytochrome C 

oxidase, a mitochondrial enzyme involved in the regulation of cellular metabolism and 

apoptosis, is directly influenced by H2S
59

. H2S inhalation also reduces lactate levels from 

anaerobic metabolism, showing that there is reduced ATP consumption
60

. 

 

2.2.3.2. H2S in acute ischemic injury 

Cellular injury occurs during times of ischemia, and there is further injury after 

blood flow is re-established which is known as ischemia/reperfusion (I/R) injury. After 

periods of ischemia, the return of oxygen-rich blood oxidizes molecules creating free 

radicals and inflammation, known as oxidative stress. Related to the previously 

mentioned redox and metabolic effects, H2S has been shown to effectively attenuate I/R 

injury, apoptosis, and infarct size in many types of tissues
1, 3, 10, 60, 61

. Similar to the 

rationale for ischemic conditioning
62

, oxidative stress and the ischemic state upregulate 

protective pathways. Additionally, H2S has been shown to stabilize the mitochondrial 

membrane
50

 and to preserve mitochondrial function and metabolism in times of ischemic 

stress
10

. 
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2.2.3.3. H2S as a modulator of angiogenesis and neovascularization 

Angiogenesis, the physiological process which new blood vessels form from 

existing vessels, is vital in normal development. Angiogenesis and neovascularization, 

the creation of new blood vessels de novo, also occurs with ischemia and during wound 

healing. Endothelial cells play a major role in angiogenesis and neovascularization. New 

vessel formation is initiated by the release of proteolytic enzymes which degrade the 

surface basement membrane. There is subsequently endothelial cell proliferation, 

migration, and formation of tube-like structures. H2S directly stimulates endothelial cell 

adhesion, proliferation, and migration in vitro
4, 42

 and increases angiogenic activity in 

vivo
4, 20, 41, 42

. However, this effect is concentration dependent: H2S in the 10-60µM range 

promotes angiogenesis, while H2S in the 200µM range inhibits angiogenesis
18

. There is a 

notable absence in the literature about the function of H2S retinal angiogenesis and 

neovasculatization. 

 

H2S has been shown to promote vascular remodeling and neovascularization in 

chronically ischemic myocardium, improving cardiac function
61, 63

. In animal studies, 

H2S increased collateral vessel growth, capillary density, and regional tissue blood flow 

in chronic hindlimb ischemia
17

. It is thought that H2S crosstalks with NO and vascular 

endothelial growth factor (VEGF) during new vessel formation. H2S stimulates the 

expression of VEGF, nitric oxide synthase (NOS), and xanthine oxidioreductase, which 

mediates nitrite anion reduction to NO
45

. 

 

H2S also improves wound healing after burns and in various diseases. Topical 

application of cream with an H2S donor increases the amount of neovascularization and 

rate of wound healing in vivo
4, 20, 42

, and H2S has been shown to improve the healing 

lesions in the GI tract such as gastric ulcers and colitis through increased perfusion
64, 65

. 

H2S and CSE also improves wound healing in diabetic mice through restoration of 

endothelial progenitor cell function
66

.  

 

H2S’s role in tumor-induced angiogenesis is a new area of research. H2S appears 

to induce neovascularization through HIF1α expression
67

 and endothelial cell migration
68

 

in multiple types of rat neoplasms and in human colon cancer cell lines
18

. Some evidence 

suggests H2S also contributes to cell cycle dysregulation and excess cellular 

proliferation
69

. 

 

2.2.3.4. H2S in vascular remodeling and hypertension 

Vascular remodeling and endothelial smooth muscle hypertrophy contributes to 

increased systemic vascular resistance, which is linked to hypertension and 

atherosclerosis. H2S is a vasorelaxant through a variety of mechanisms. It directly 
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contributes to vascular smooth muscle cell (VSMC) relaxation, as well as reducing 

vascular inflammation, abnormal VSMC proliferation, and neointimal hyperplasia
6, 20, 57

. 

H2S reduces vascular remodeling in chronically ischemic endothelial cells, yet increases 

vascular remodeling after acute ischemic injury
45

. Lower concentrations of H2S also 

inhibit homocysteine-induced and oxidative stress in cultured VSMCs and methionine-

induced oxidative stress in endothelial cells
18, 19

. 

 

H2S has also been shown to affect pulmonary vascular resistance and pulmonary 

hypertension. VSMC proliferation and oxidative stress contribute to pulmonary 

hypertension, and there is significantly decreased CSE and H2S activity in rats with 

pulmonary hypertension
70

. H2S also regulates the amount of oxidized glutathione and 

total antioxidant capacity in lung tissue in rats with pulmonary hypertension
71

. This could 

be related to its oxygen sensing capabilities, as it has been suggested that the metabolism 

of endogenously produced H2S is a mechanism for oxygen sensing
72

. 

 

2.2.3.5. H2S in inflammation 

The role of H2S in inflammation is controversial. Vascular inflammation is a key 

part of VSMC proliferation, hypertension, atherosclerosis, and diabetes. H2S has been 

shown to decrease vascular inflammation through its antioxidant properties and by 

decreasing the expression of NF-kB
52, 73

. Others have shown that H2S decreases 

angiotensin converting enzyme levels, activation of leukocytes and cytokines, and 

attenuates systemic inflammation
74-76

. Alternatively, there are studies that show H2S 

helps activate the inflammation cascade via increases the activation of leukocytes, 

inflammatory cytokines, and NF-kB
77, 78

, exacerbating the inflammatory response in 

sepsis and toxic shock
75, 79, 80

. 

 

2.2.3.6. Controversy on function of H2S 

There are some studies that show H2S has functions contrary to most of the 

literature. For example, in vitro, it has been shown that H2S actually downregulates 

HIF1α and angiogenesis in both regular and ischemic conditions
81, 82

. There is also 

controversy over the role of H2S in inflammation. The discrepancy in function could be 

due to H2S’s high functional dependence on concentration, which is difficult to 

determine. H2S’s role also changes depending on the physiologic conditions and cellular 

environment, consisting of parameters such as tissue type, proliferation state, metabolic 

state, presence of other signaling molecules, etc. Also, many studies use in vitro cell lines 

and test function using non-specific H2S-producing enzyme inhibitors. Regardless of the 

barriers to determining function, there is still solid evidence describing H2S an 

antioxidant and cytoprotectant
1, 8, 10, 50

 as well as a stimulator of angiogenesis
4, 20

, 

especially at lower concentrations in ischemic tissues
43, 45

. 
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Although there is a plethora of literature about H2S’s protective effects, it is 

actually lethal at high concentrations
83

. H2S is also a known toxin and environmental 

pollutant and is generated by landfills and oil and natural gas drilling 
83-86

. 

  

2.2.5. H2S in the eye 

 The benefits of H2S in the retina are similar to its effects elsewhere in the body. 

H2S improves light-induced excitotoxicity
12

, attenuates sympathetic neurotransmission
13

, 

relieves oxidative stress
2, 14

, and attenuates NMDA-induced neuronal injury via its 

antioxidant effects
87

. H2S inhalation also reduces I/R injury and apoptosis in the retina
1
. 

H2S acts on the iris-ciliary body and has been shown to reduce intra-ocular pressure, 

making it a potential attractive treatment for glaucoma
55, 57, 88

.  

 

2.3. CSE, glutathione, and H2S in the retina 

There have not been any studies on the effects of CSE in the retina. However, 

glutathione and H2S are physiologically active in the retina. As previously mentioned, 

H2S protects from excitotoxicity and oxidative stress, both of which are present in 

diabetic retinopathy. Glutathione is also part of the complex retinal defense mechanism to 

protect against oxidative stress, and glutathione depletion is associated with retinal 

dysfunction and vision changes
89

.  There is decreased production of glutathione in the 

diabetic rat retina, and glutathione deficiency is a significant part of the pathogenesis of 

diabetes mellitus
90

. We therefore hypothesize that CSE is upregulated to produce more 

H2S and glutathione to protect against the ischemia and oxidative stress present in 

diabetic retinopathy.  

 

However, there is a notable absence of literature on the effect of CSE, H2S, and 

glutathione on retinal vasculature and neovascularization. However, it has been shown 

that these molecules interact with pro-angiogenic factors such as HIF-1α and VEGF
91

 

(section 2.2.2). We suggest that the increased expression of CSE and production of H2S 

and glutathione could ultimately contribute to the new vessel growth in proliferative 

diabetic retinopathy.  

 

2.4. Oxygen-induced retinopathy 

First developed as a model for retinopathy of prematurity (ROP), oxygen-induced 

retinopathy is reliable and widely used to produce pathologic retinal neovascularization 

(NV), which also models proliferative diabetic retinopathy. OIR is typically accepted as a 

good model of the actual physiology which occurs during PDR. During the hyperoxic 

phase, from postnatal day (P)7 to P12, mice are exposed to 75% O2, and retinal vessels 

constrict in order to regulate PO2 levels. Immature capillaries in the central retina regress, 

leading to a central zone of vaso-obliteration (VO)
92

. Due to the destruction of vessels, 

there is ischemia after the mice leave the chamber. This hypoxia triggers angiogenic 
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growth factors, leading to pathological NV that does not possess the organized structure 

of physiologic retinal vessel growth. The unorganized vessels grow in the avascular 

vitreous cavity and form groups of small vessels known as NV tufts, resembling the 

pathologic NV seen in ROP or PDR
92

. The maximum severity of the NV phase is reached 

at P17. 

 

OIR does not model the true pathophysiology of PDR, but both conditions share 

many significant characteristics
92

. To date, there are no adequate animal models for 

proliferative diabetic retinopathy. Models using genetic variants or streptozotocin-

induced diabetes replicate aspects of non-proliferative diabetic retinopathy
92

, but these 

mice do not usually progress to PDR. OIR-exposed mice show breakdown of the blood–

retinal barrier and plasma leakage, which is also observed in human PDR
92

. The 

neovascularization in both conditions occurs as a consequence of vessel deterioration, 

and both show the same glial and neuronal damage associated with the vascular 

disease
92

. Additionally, the literature shows that H2S has similar pro-angiogenic effects in 

both acute and chronic ischemia
17, 45

.  

 

The pathological retinal neovascularization in the OIR model is highly dependent 

on post-natal weight gain and age
93

. Pups who are half a day older or who stay in the 

chamber half a day longer can have significant changes in retinal NV. Additional 

confounding variables include maternal differences in strain, maternal influences on 

pups, and the overall robustness of the litter. Therefore, using a heterozygous parent 

mated with a KO removes this possible variance and is a robust way to evaluate the 

impact of a gene in pathological retinal neovascularization from OIR (Figure 2).  

 

2.5. Summary 

There are compensatory mechanisms during physiologic stress which protect the 

tissue and help prevent tissue death
62

. Genes associated with lowering metabolism and 

antioxidation (such as CSE) are usually upregulated during times of oxidative stress and 

ischemia, as occurs during diabetes mellitus. It is known that CSE, H2S, and glutathione 

contribute to effects such as antioxidation, vasorelaxation, anti-inflammation, anti-

apoptosis, and angiogenesis in multiple tissue types. We hypothesize that the 

upregulation of CSE and other protective H2S-producing enzymes in the ischemic state 

also contribute to the undesirable neovascularization. In order to test this hypothesis in a 

physiologically relevant manner, we use a proven in vivo/ex vivo OIR model. 

Additionally, the use of knock-out mice is a specific method of testing an enzyme’s 

actual contribution to pathology, using littermates to remove many external influences.  

 

This project is translational in scope, since it uses OIR to model a similar 

pathophysiological environment as proliferative diabetic retinopathy, a vision devastating 
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disease. We show that CSE upregulation causes protection from reactive oxygen species 

(reduced VO), yet also has a notable pro-angiogenic effect (increased NV). The current 

study establishes a new paradigm about the influence of H2S and CSE in the pathogenesis 

of retinal neovascularization.  

 

Chapter 3: Methods 

3.1 Animals 

All procedures with animals were performed in accordance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research and were approved 

by The University of Texas Medical Branch institutional animal care and use committee. 

Mice with CSE deletion were acquired from colleagues who used a conventional gene 

knockout (KO) procedure, with assistance from inGenious Targeting Laboratory, Inc. 

(Stonybrook, NY) in background C57BL/6J mice
6
; breeding pairs of the mice were 

provided by Dr. Solomon Snyder (Johns Hopkins University, Baltimore, MD). C57BL/6J 

CSE
-/-

 mice were mated with C57BL/6 WT mice to create heterozygous offspring, which 

were subsequently mated with CSE KO to create litters that were a mix of C57BL/6J 

CSE
-/-

 and CSE
+/-

 (Figure 2).  

 

Oxygen-induced retinopathy (OIR) was induced by exposing litters to 75% 

oxygen from postnatal day (P) 7 to P12, causing capillary fallout in the central zone from 

oxygen toxicity. Upon return to room air, the avascular central region becomes hypoxic, 

leading to upregulation of ischemic and angiogenic mediators causing the NV such as 

HIF-1α, VEGF, erythropoietin, and insulin-like growth factor 1 (IGF-1)
92

. The dams and 

pups were monitored closely during experiments. On P17, pups were weighed and 

sacrificed. Age-matched mice were kept in room air until P17. Eyes were fixed in 4% 

paraformaldehyde for morphology analysis, or fresh retinas were isolated, frozen in 

liquid nitrogen, and stored at -80°C for future biochemical analysis. 

 

For genotyping, tissue samples were collected into tubes containing EDTA and 

sodium citrate and incubated overnight. Genotyping was performed using a three-primer 

assay in two reactions. The N1 primer (5’- TGCGAGGCCAGAGGCCAGTTGTGTAGC 

-3’) is specific for CSE and the F1 primer (5’-TGTTCATGGTAGGTTTGGCC-3’) is 

specific for the wild-type allele
6
. The reverse primer, R1 (5’-

TCAGAACTCGCAGGGTAGAA-3’), lies downstream of the neo-insertion of targeted 

allele or exon 3 of the wild-type allele, and anneals to both wild-type and targeted alleles. 

PCRs were performed using XNATG Sigma SYBR® Green Extract-N-Amp™ Tissue 

PCR Kit (Sigma Aldridge). 
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Figure 2:  Gel of PCR for genotyping, differentiating CSE +/- from CSE -/-. 

 

3.2 Western blotting 

Isolated retinas were sonicated in SDS gel loading buffer (20 mM Tris-HCl 

pH=6.8, 2% SDS, 10% glycerol, 6 M urea, 100 mg/ml bromophenol blue), reduced by 

200 mM β-mercaptoethanoland denatured by incubation for 10minutes at 70°C. Proteins 

were separated by SDS polyacrylamide gel electrophoresis and blotted onto a PVDF 

membrane. The membrane was blocked with Starting Block T20 (TBS) blocking buffer 

(Fischer Scientific, Pittsburgh, PA, USA) overnight at 4 °C with primary antibodies 

against CSE (1:1,000; Peprotech, CBS (1:1,000 Abnova, Walnut CA), or 3-MST 

(1:1,000; Atlas Antibodies). Membranes were then washed in TBST, followed by 

horseradish peroxidase-conjugated secondary antibody (1:3,000; Cell Signaling, Danvers, 

MA). Immunoreactive proteins were detected using the enhanced chemiluminescence 

system (GE Healthcare Bio-Science Corp., Piscataway, NJ). To normalize signals, 

membranes were stripped using NuPage stripping buffer for 2 hours at 60⁰ C and 

incubated with actin antibody for 2 hours (1:2,000; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). 

 

3.3 Immunostaining on wholemount retinas 

After fixation in 4% paraformaldehyde, retinas were carefully dissected from the 

choroid and sclera, blocked, and permeabilized in PBS containing 10% goat serum and 

1% Triton-X-100 for 30 minutes. The retinas were then incubated with Alexa 594–

labeled isolectin B4 (Griffonia simplicifolia; Invitrogen, Carlsbad, CA) overnight at 4°C. 

Retinas were washed with PBS, mounted on microscope slides in mounting medium 

(Vectashield; Vector Laboratories, Burlingame, CA), and examined with an Olympus 

1X71 fluorescence microscope (Olympus, Center Valley, PA). Vaso-obliteration and 

neovascular tufts were quantified, blinded to treatment group, using ImageJ software 

(National Institutes of Health, Bethesda, MD
94

). 

 

3.4 Statistical analysis 

F1+R1 (WT CSE) N1+R1 (disrupted CSE) 

400 bp  

CSE KO mice CSE +/- mice 
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The results are expressed as mean ± SEM. Statistical analysis was performed 

using SigmaStat 2.03 (SPSS, Inc., Chicago, IL). Group differences were evaluated by 

using post hoc Student's t-test. Results were considered significant at P < 0.05. 

 

Chapter 4: Results 

4.1 Presence of retinal CSE, CBS, 3-MST 

Cystathionine gamma-lyase (CSE), cystathionine beta-synthase (CBS), and 3-

mercaptopyruvate sulfur-transferase (3-MST) are the known H2S-producing enzymes in 

the nervous system and vasculature. We found that all three enzymes are expressed in the 

retina. There were discrete bands at 63kDa, 40kDa, and 34kDa, representing CBS, CSE, 

and 3-MST, respectively (Figures 3, 4). Directly studying H2S is challenging since the 

physiological concentrations are miniscule, the in vivo half-life is estimated to be 

between seconds and minutes, and the measurements assays can be unreliable
31

. 

 

4.2 CSE upregulation in WT mice exposed to OIR 

CSE was markedly upregulated in WT mice exposed to OIR compared to age-matched 

controls in room air (Figure 3). The CSE protein was not detectable in the CSE KO mice.  

 

 

 

 

 

 

 

 

Figure 3: Western blot of CSE after OIR in WT mice and CSE KO mice. 

 

4.3 CBS downregulation in CSE KO mice exposed to OIR 

OIR downregulated CBS in CSE
-/-

 mice compared to CSE
+/-

 littermates (Figure 

4). CBS and CSE are sequential enzymes in the reverse transsulfuration pathway, with 

cystathionine being the product of CBS and the substrate of CSE (Figure 1). With CSE 

deleted, cystathionine cannot be converted into L-cysteine, H2S, and glutathione. 

Cystathionine likely accumulates and exerts negative feedback on CBS
95, 96

. In CSE KO 

mice, OIR did not change the expression of 3-MST (Figure 4). In CSE KO mice, 

exposure to OIR downregulates CBS (likely from cystathionine accumulation) but does 

Actin 

CSE 

Wild Type CSE KO 

Ctrl Ctrl OIR OIR Ctrl Ctrl OIR OIR 



21 

 

not change the expression of 3-MST, hinting that the role of CSE goes beyond H2S 

synthesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Western blot of CBS and 3-MST after oxygen-induced retinopathy in CSE KO 

and WT mice. 

 

4.4 CSE deletion reduces pup viability 

Mice with a homozygous disruption of CSE were mated with mice with a 

heterozygous disruption of CSE (Figure 2), and litters were exposed to OIR. Comparing 

littermates removes the majority of the confounding variables in OIR and is considered to 

be the gold standard. Mendelian inheritance predicts that half of the pups would be 

CSE
+/-

 and half would be CSE
-/-

. However, 2/3rds of the mice were CSE
+/-

 (n=22), while 

only 1/3rd of the mice were CSE
-/-

 (n=11). The CSE KOs could be less viable in utero 

and more prone to spontaneous abortions, or more CSE KO pups might die after birth due 

to competition for milk. 

 

4.5 Decreased vaso-obliteration in CSE
+/-

 mice compared to CSE
-/-

 littermates 

The presence of a CSE allele protected against the ROS-related vaso-obliteration. CSE
+/-

 

mice exposed to OIR (n=22) had an average vaso-obliteration area of 11.0% ± 0.9, and 

the CSE KO littermates exposed to OIR (n=11) had an average VO area of 14.4% ± 1.3 

(Figures 5,7,8). The CSE heterozygotes had significantly less vaso-obliteration than their 

CSE KO littermates (p<0.05), demonstrating the protective properties of CSE in 

oxidative or ischemic conditions. There were not significant weight differences between 

the two groups. The CSE KO and CSE heterozygous retinas not exposed to OIR were 

morphologically similar.  

3MST 

CBS 

Actin 

Ctrl Ctrl OIR OIR 

CSE KO 
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Figure 5: Vascular obliteration in CSE heterozygotes vs. CSE KO (p<.05). 

 

4.6 Increased neovascularization in CSE
+/-

 mice compared to CSE
-/-

 littermates 

The presence of a CSE allele increased the amount of neovascularization in 

ischemia-induced retinopathy. CSE
+/-

 mice exposed to OIR (n=22) had an average 7.2% 

± 0.4 neovascular tuft area and their CSE KO littermates exposed to OIR (n = 11) had an 

average of 5.8% ± 0.3 neovascular tuft area (Figures 6,7,8). The CSE heterozygotes had 

significantly more neovascular tuft area than the CSE KO (p < .05), demonstrating that 

the presence of a CSE allele contributes to pathological retinal NV. There were not 

significant weight differences between the two groups. The CSE KO and CSE 

heterozygous retinas not exposed to OIR were morphologically similar. 
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Figure 6: Neovascularization in CSE heterozygous (7.2% ± 0.4) vs. CSE KO (5.8% ± 

0.3) (p<.05) 
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Figure 7: Top: CSE heterozygous mouse retina sacrificed at P17. Middle: demonstrating 

methods for quantifying neovascuarlization. Bottom: demonstrating methods for 

quantifying vaso-obliteration. 
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Figure 8: Top: CSE KO mouse retina sacrificed at P17. Middle: demonstrating methods 

for quantifying neovascuarlization. Bottom: demonstrating methods for quantifying vaso-

obliteration. 

 

 

Chapter 5: Discussion 

5.1. Influence of retinal CSE on VO and NV 

The data show that oxidative stress from OIR upregulates CSE. CSE
+/-

 mice had 

less VO than the CSE KO littermates, which morphologically confirms that CSE is 

neuroprotective in OIR. CSE
+/-

 mice also had a notable increase in neovascular tuft area 

compared to the CSE KO littermates, demonstrating that CSE is also pro-angiogenic in 

the retina. The CSE KO and CSE heterozygous retinas not exposed to OIR are 

morphologically similar.  

 

These data correspond with the majority of the literature, which reports CSE 

relieves oxidative stress and limits ischemic damage in the vasculature as well as in many 

other types of tissues (see Section 2.). These data also agree with the majority of the 

literature which reports the pro-angiogenic effects of CSE during ischemia. Since CSE is 
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upregulated during OIR, one can infer that it is part of the protective response to 

oxidative stress and ischemia, which includes HIF-1α and glutathione. This is usually 

helpful in most tissue types. However, because of the precarious ocular architecture, the 

upregulation of CSE in the retina has a harmful overall effect since it also spurs 

pathological retinal neovascularization, the more clinically significant process. The 

current literature on ocular and retinal H2S only pertains to protective effects, thus a new 

paradigm is established on the detrimental role of H2S and CSE in neovascularization. 

 

The OIR model is considered one of the most robust models for pathological 

retinal neovascularization, which occurs in PDR and ROP
92

. Many current clinical 

treatments were developed as a result of testing with OIR. The OIR model mimics the 

pathophysiological state without the addition of exogenous toxins or other compounds, 

which can confound data. Similar alterations in enzyme expression seen in WT mice 

exposed to OIR, such as CSE upregulation, should also be present in PDR. Moreover, 

comparing heterozygous and KO littermates is considered the gold standard for testing 

the influence of a gene since it can specifically measure the enzymes contribution to 

pathology by removing the vast majority of the variability that is usually present in OIR 

such as age, maternal influences, and post-natal weight gain. 

 

5.2. Changes in CBS and 3-MST from OIR 

We show that CBS and 3-MST are present in the retina, rejecting previous work 

showing they are absent
12, 34

. There is preliminary data which suggests that OIR causes 

CBS downregulation in the CSE KOs (Figure 3). CBS and CSE are sequential enzymes 

in the conversion of homocysteine to L-cysteine. The product of CBS, cystathionine, is 

also the substrate for CSE (Figure 1). Some literature reports that cystathionine exerts 

negative feedback on CBS
95, 96

. It is conceivable that cystathionine accumulates in the 

CSE KO which downregulates CBS, further limiting the H2S production. However, this 

is only a working hypothesis considering the preliminary data, and more extensive testing 

is needed to confirm the results and to affirm the hypothesis. 

 

Preliminary data also shows that OIR did not have significant effects on 3-MST 

or CBS expression in WT mice. However, the literature reports that these enzymes 

function as neuroprotectants in the retina
12, 35

. Experiments investigating the effect of 

OIR on CBS and 3-MST should be repeated and future work might uncover additional 

information on the differential expression and functional contribution of the other H2S-

producing enzymes. There are fluorescence-based tests to measure H2S from enzymatic 

activity by adding substrate (L-cysteine) to extracted retina samples. It is possible to 

determine the relative contribution of each H2S-producing enzyme using these assays 

along with enzyme inhibitors. Perhaps the contribution of CSE could largely be due to its 
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ability to produce L-cysteine to regenerate glutathione, however, CBS is also involved in 

the transsulfuration pathway
97

 so this hypothesis is unlikely (see section 5.5.). 

 

5.3. Limitations 

There were limitations in the study. VO measurements at P17 may be unreliable, 

as the increased NV alters the VO zone and can obscure the measurement
92

. Perhaps the 

decreased VO area in the CSE
+/-

 mice was partly due to the extra NV covering up the VO 

zone at P17. To obtain an accurate measurement of VO, mice should be sacrificed 

directly after exiting the hyperoxia chamber at P12, before there is any NV. It also would 

be prudent to compare CSE expression at P12 and P17 as the oxidative stress from the 

chamber could upregulate CSE more at P12 than at P17. Additionally, these experiments 

are unable to distinguish between the effects of H2S, glutathione, and L-cysteine as the 

main influence for the positive results. 

 

5.4 Future directions 

Most literature reports that exogenous H2S replacement ameliorates the damage 

caused by CSE KO, and CSE KO mice have significantly lower H2S levels. Thus it is 

usually assumed that decreased H2S is the primary cause of the pathology. However, 

glutathione also interacts with molecules that regulate the protective ischemic response 

and angiogenic response such as HIF-1α and VEGF
91, 98

, starting signaling cascades that 

involve many other molecules and pathways. Protection against oxidative stress could be 

significantly lowered from the decreased glutathione. Future studies could separate the 

contribution of glutathione vs. H2S in the neuroprotection from CSE in OIR. 

 

The mechanisms which cause the progression from non-PDR to PDR are 

unknown but have enormous clinical consequence. Besides diabetic control and lifestyle 

modifications (which don’t always work), little can be done to stop the progression of 

diabetic retinopathy
99

. Current therapy focuses on preventing further neovascularization 

through panretinal photocoagulation or anti-VEGF therapy. However, increased 

production of VEGF is thought to be one of the latter markers in the pathogenesis of 

diabetic retinopathy. Through the aforementioned upregulation of H2S-producing 

enzymes and increases in the reduced form of glutathione, it is conceivable that CSE is 

involved in the signaling cascade that governs the change from NPDR to PDR. CSE 

could also be a major player in combining the neuroprotective effects of HIF-1α and 

glutathione with the aniogenic effects of VEGF and NO during the ischemic response. 

This hypothesis is not testable in the OIR model, but future investigation is warranted. 

 

H2S has been shown to influence VEGF pathways, and anti-VEGF therapy is 

currently used to treat a variety of angiogenenic diseases
4, 45, 100

. VEGF plays a significant 

role in the progression of proliferative diabetic retinopathy, as well as other neovascular 
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disease such as ROP, wet age-related macular degeneration, neovascular glaucoma, 

diabetic macular edema, and neoplasms. The signaling pathways of H2S and VEGF are 

intertwined, but some data show the contribution of both molecules is somewhat 

additive
4, 42

, which could provide increased control over neovascular disease. Future 

studies could investigate the interactions of H2S and VEGF in retinal NV. 

 

Mice with deficient endothelial nitric oxide synthase have a decreased VO 

zone
101

, while mice with deficient CSE have increased VO (Figure 6). NO is well-studied 

and has been shown to act in cooperation with H2S for angiogenesis. However, NO and 

H2S could have competing actions in terms of cytoprotection and relieving oxidative 

stress, perhaps through alterations in post-translational protein modifications. 

Investigating the interaction between the two molecules in retinal neovascularization 

could prove beneficial. 

 

5.5 Summary 

CSE causes a statistically significant increase in pathological retinal 

neovascularization as well as a statistically significant decrease in vaso-obliteration, as 

seen in the morphological data and the biochemical analysis. The increase in 

angiogenesis in the WT mice is likely due to feedback during oxidative stress, causing 

the upregulation of CSE and subsequently increasing the production of H2S and the 

reduced form of glutathione. The current results suggest a new paradigm on the 

detrimental role of the CSE in pathological retinal neovascularization. The CSE/H2S 

system could be an attractive target for developing novel screening methods and 

treatments in ischemia-induced neovascular disease. 
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