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CHAPTER 1: REVIEW OF THE LITERATURE 

Diabetes 

Diabetes is a group of diseases, which are characterized by high blood 

glucose levels that are a consequence of the inability to produce and/or utilize 

insulin[1]. Type 1 diabetes (T1D, previously referred to as juvenile diabetes) is 

typically diagnosed in children and young adults. In this form, the body does not 

produce insulin primarily due to autoimmune-mediated destruction of pancreatic~

cells, leading to insulin deficiency [2]. Type 2 diabetes (T2D, adult onset or non

insulin dependent diabetes) is a chronic condition where the body either resists the 

effects or does not produce sufficient insulin. This form is more common in African 

Americans, Latinos, Native Americans, Asian Americans, Pacific Islanders, as well 

as the aged population [3]. 

The incidence of diabetes is rising and has reached epidemic proportions 

in the U.S. with approximately 26 million adults and children living with the disease 

[4]. As of 2013, an estimated 171 million people are living with diabetes worldwide. 

It is predicted that by 2030, diabetes will affect 366 million people worldwide. 

4 
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The American Diabetes Association estimates that the total cost of diagnosed 

diabetes has risen from $174 billion in 2007 to $245 billion in 2012, when the costs 

were last examined , representing a 41 percent increase over a five period . 

Internationally, diabetes is an estimated 5-10% of the total healthcare budget in 

many countries [5]. This drastic rate of diabetes incidence places a tremendous 

financial burden on both individuals affected by diabetes and the society. The 

estimated $176 billion direct medical costs reflects costs for hospital and 

emergency care, office visits and medications[5, 6]. Indirect costs are an 

estimated $69 billion which include absenteeism, reduced productivity, 

unemployment caused by diabetes-related disabilities, and lost productivity due to 

early mortality[5, 6]. A significant higher portion of these expenditures is spent for 

the management and consequences of macrovascular and microvascular 

complications of diabetes rather than for the treatment of diabetes itself (6]. 

Vascular complications of diabetes and hyperglycemia 

Diabetes is associated with increased incidence of macro- and micro

vascular angiopathies which include cardiovascular disease (CVD), diabetic 

nephropathy, diabetic neuropathy, and diabetic retinopathy (DR). The United 

Kingdom Prospective Diabetes Study demonstrated a strong association between 

long-term glycemic control and macro- and micro-vascular diseases in type 2 

diabetic pat1ents [7]. This study revealed that the incidence of myocardial infarction 

doubled as glycated hemoglobin levels (HbA1c) increased from 5.5 to 10.5%. In 
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the same HbA1c range (5.5 to 10.5%), the incidence of microvascular endpoints 

increases 10-fold [7]. On the contrary, decreases in HbA1c levels due to tight 

glycemic control have been shown to diminish the incidence of diabetic 

microangiopathies. However, when addressing macrovascular complications, the 

benefits of intensive treatment of hyperglycemia are evident only in patients with 

low cardiovascular risk who received early treatments [8]. This beneficial outcome 

was not evident in older patients exposed to hyperglycemia for years before the 

initiation of treatment who had a previous history of cardiovascular disease. Taken 

together, th1s suggests that hyperglycemia plays a crit1cal role as a pathogenic 

factor 1n vascular complications associated with diabetes. Bes1des the role of 

glycemic control , the pathophysiology of vascular complications due to diabetes 

has been shown to extend beyond prolonged exposure to hyperglycemia and 

include a cluster of other risk factors for each individual complication discussed 

below 

Macroangiopath1es 

Cardiovascular disease 

Cardiovascular diseases are the most prevalent causes of mortality and 

morbity among people with T2D and T1 D Adults living with diabetes present rates 

of mortality due to heart disease and stroke that are two to four times higher than 

those without diabetes [6, 9]. Although patients w1th diabetes tend to aggregate 

other classic co-morbidities such as hypertension, obesity, and dyslipidemia, the 
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mechanisms that link accelerated atherosclerosis and increased CVD in this 

population are poorly understood. It has been suggested that an association exists 

between poor glycemic control in diabetes and metabolic changes which result in 

oxidative stress, endothelial dysfunction, and low grade-inflammation[9]. These 

classical factors are proposed as having putative roles in the prevalence of 

cardiovascular abnormalities observed in diabetics. 

A more recent link has been found between epigenetic factors and 

"glycemic memory" which can account for the association between diabetes and 

CVD. Epigenetic events, resulting in activation/repression of genetic transcription, 

are a key link between modulation of gene expression and environmental factors 

[10]. These molecular events could represent important mechan1sms between 

diabetes, CVD, and chronic inflammatory responses [10]. Interestingly, 

ep1genetics have also been shown to play an important role in other risk factors 

that associate diabetes with CVD such as hypertension and obesity. 

Microanqiopathies 

Diabetic microangiopathies, namely neuropathy, nephropathy and 

retinopathy are devastating complications of diabetes and leading causes of 

morbidity worldwide. Although different in etio-pathogenesis they all result from 
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hyperglycemia-induced dysfunction of the microvasculature and they appear to 

share common molecular traits. The following is a description of the 

epidemiological, clinical and pathogenic characteristics of diabetic retinopathy, 

which is the main focus of this dissertation. 

Diabetic Retinopathy 

DR is a progressive complication of diabetes mellitus and the leading cause 

of blindness in working-age adults in the United States. It is estimated that more 

than 300 million people worldwide are affected by diabetes and more than 20% of 

this growing population of patients will develop severe visual impa1rment within 15 

years of diagnosis [11]. As with other vascular complications of diabetes, the 

pathogenesis of DR remains unclear, thus limiting the development of more 

effective therapies[11]. Hyperglycemia is a primary pathogenic factor for DR, 

suggesting that a tight glycemic control can prevent its development (12]. 

Therapies for DR are limited, and involve the use of invasive procedures such as 

vitrectomy and photocoagulation that could be complicated by severe side effects 

[13] . The insufficient knowledge of the pathogenesis of DR limits the development 

of new therapies and/or diagnostic tools, thus studies within this research area 

have tremendous clinical outcomes. 
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Figure 1 

Figure 1 The anatomy of the eye [14] 

The Retina 

The eye is a globe-shaped, highly complex sensory organ. It is composed 

of three tunics: the outer corn eo-scleral layer, the middle uveal layer, and the inner 

retinal layer. The retina is the innermost layer located at the postenor portion of the 

eyeball responsible for transference of electrochemical signals to the brain for 

higher cortical processing. The anterior port1on of the retina is connected to the 

ep1thehum lining the ciliary body and iris [14]. The ret1na and ciliary body are 

separated by junction that demarcates the two regions known as the ora serrata. 
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The posterior portion of the retina contains the fovea centralis (generally referred 

to as the fovea), the center-most part of the macula responsible for sharp, central 

vtsion. The optic disc lays 3mm nasal to the fovea, and is the site at which axons 

of the ganglion cells converge to form the optic nerve and exit the eye at the lamina 

cribrosa through the optic chiasm to synapse in different brain regions. The optic 

disc is devoid of photoreceptors and is light insensitive, therefore, it is commonly 

referred to as the "blind spot". 

The retina is composed of 10 histological layers which include the outermost 

ptgmented layer, or the retinal pigment epithelium (RPE), the inner segments (IS) 

and outer segments (OS) of the photoreceptors, the outer limtting membrane 

(OLM), the outer nuclear layer (ONL), the outer plextform layer (OPL), the inner 

nuclear layer (INL), the inner plexiform llight that enters the eye ayer (IPL), the 

ganglion cell layer, (GCL) and the inner limiting membrane (ILM) (Figure 1 ). When 

light enters the eye, particles of light, or photons, are first absorbed by opsins 

contained in photoreceptors. Photoreceptors are first-order neurons of the visual 

pathways and are categorized as either rods or cones Rod photoreceptor cells 

are responstble for dim vision , contrast, and brightness while cone photoreceptor 

cells are responsible for color viston and fine resolutton In the retina , the 

photoreceptors synapse directly onto bipolar cells. which in turn synapse onto 

ganglion cells of the outermost layer Ganglion cells then conduct action potentials 
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to the brain A significant amount of visual processing anses from the patterns of 

communication between neurons in the retina About 130 million photoreceptors 

absorb light, yet roughly 1.2 million axons of ganglion cells transmit information 

from the retina to the brain [14). The processing 1n the retina includes the formation 

of center-surround receptive fields of bipolar and ganglion cells in the retina, as 

well as convergence and divergence from photoreceptor to bipolar cell. In addition, 

other neurons in the retina, particularly horizontal and amacrine cells , transmit 

information laterally (from a neuron in one layer to an adjacent neuron in the same 

layer), result1ng in more complex receptive fields that can be either indifferent to 

color and sensitive to motion or sensitive to color and Indifferent to motion [14]. 

Retinal vasculature 

The retina receives its nutrition from two circulatory systems- the uveal or 

choroid that nourishes the RPE layer and photoreceptors, and the retinal 

vasculature originating from the central retinal artery that supplies the inner two

thirds of the retina. The retinal vasculature is composed of three parallel planar 

vascular plexuses, with the primary arteries and veins residing on the vitreal (inner) 

surface of the retina, and a pair of 1ntraretinal capillary beds flanking the INL. The 

primary arteries and veins are oriented radially, from opt1c d1sc to retinal periphery. 
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The retina maintains an inner blood-retinal barrier (BRB) at both blood 

supplies (inner retinal vasculature and choroid) and an outer BRB formed by tight 

JUnctions between RPE cells. Both the vascular endothelium and pigment 

epithelium possess a well-developed junctional complex that includes both 

adherens and tight junctions conferring a high degree of control of solute and fluid 

permeability. Glial cells such as microglia (Muller cells and astrocytes) and 

microglia ensheath all neurons and play a role as metabolic intermediaries 

between the retinal capillaries and retinal neurons. These supportive cells, 

particularly Muller cells whose processes envelop all blood vessels, also play an 

important role in the maintainance of the inner BRB. 

Retinal capillaries consist of two layers-endothelial cells and a surrounding 

layer of pericytes. The pericyte:endothelial ratio is 1:1, which is relatively high 

compared with elsewhere in the central nervous system or body in general. The 

capillary basement membrane between the pericytes and endothelial cells is much 

thinner than the basement membrane that covers the two types of cells, allowing 

increased communication between the cells The retinal capillary endothelial cells 

are the major component of the BRB. The retinal pericytes appear to be involved 

directly in the local control of retinal blood flow and there IS ev1dence showing they 

play an important role in endothelial cell proliferation 
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Clinical Features/Classification of DR 

Although DR results in neuronal dysfunction, DR is classified into clinical 

stages that are characterized by histopathological changes occurring within the 

retinal vasculature. DR is traditionally classified into two clinical forms: NPDR (non

proliferative DR) and PDR (proliferative DR) [15]. The earliest clinical features of 

non-proliferative DR are microaneurysms, which are described as small dilations 

of the retinal capillaries. This may be accompanied by the presence of small 

intraretinal hemorrhages (dot blot hemorrhages) (Figure 2A, white arrow 1 ). These 

abnormalities are found in virtually all individuals with type 1 diabetes, and in nearly 

80 percent of those with type 2 disease [16]. As the disease progresses, intraretinal 

hemorrhages become larger and more numerous and may be accompanied by 

cotton wool spots (nerve fiber layer infarcts), exudates, and venous abnormalities 

(beading and looping) (Figure 2). Additionally, more progressive stages of DR may 

result in the formation of large caliber shunt vessels within non-perfused regions 

of the capillary bed , known as IRMAs (intraretinal microvascular abnormalities) 

(Figure 28, arrow 2) (15]. Figure 2 and 3 depict many of the clinical features of 

PDR as they appear in fundus photographs and fundus fluorescein angiography, 

two clinical tools used to assess the progression and classification of DR. While 

non-proliferative DR is often asymptomatic, the risk of transformation to 
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proliferative DR increases with disease progression. In fact, PDR occurs in 

approximately 50% of Type 1 diabetic patients and in approximately 15% of Type 

2 patients living with the disease for 25 years [17]. 

Proliferative DR is marked by proliferation of new retinal blood vessels that 

may penetrate the inner limiting membrane and enter into the vitreous space 

(Figure 28, arrows 3 and 4 ). These vessels are abnormally fragile and porous and 

may therefore hemorrhage into the vitreous cavity; they may also contract, causing 

tractional retinal detachment. 

Macular edema (DME) occurs when hyperpermeable retinal capillaries 

leak fluid into the macula, the central portion of the ret1na that provides sharp, 

detailed central vision [16].This phenomenon is a serious complication that is 

associated with severe vision loss (Figure 38, white arrow 1 ). DME is 

characterized by the vascular leakage and thickening of the fovea, the central 

portion of the macula. Both the degree of plasma leakage and the duration of 

central foveal thickening are thought to be closely related to severe, irreversible 

visual impairment [16, 18]. 
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Figure 2 

Figure 2 Fundus photograph and fluorescein angiogram of patients with DR 
A) Fundus photograph of a patient with PDR shows dot blot hemorrhages (white 
arrow, 1), intraretinal abnormalities (white arrow, 2), exudates (white arrow, 3), and 
a large hemorrhage (white arrow, 4). (B) Fundus fluorescem angiography shows 
marked venous dilation (arrow 1) and extensive peripheral ischemia (arrow 2). 
Neovessels are identified as intense hyperfluorescence (examples, arrow 3 and 
4) Images courtesy of Dr. Julian Nussbaum, MD (Department of Ophthalmology, 
Georgia Regents University) 
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Figure 3 

Figure 3 Optical coherence tomography (OCT) of a patient with normal retina 
and with DME A) OCT of retina devoid of any characteristics of DR. B) OCT of a 
patient with severe diabetic macular edema. Edema is demonstrated as areas of 
low-intensity signals (white arrow, 1). Exudation is seen as high-intensity signals 
and shadowing (white arrow, 2) . Images courtesy of Dr. Julian Nussbaum, MD 
(Department of Ophthalmology, Georgia Regents University) 

Microvascular dysfunction in DR 

Many studies have focused on the vascular changes that are involved in the 

pathogenesis of DR. The vasodegenerative phase of DR is characterized by areas 

of retinal non-perfusion and hypoxia which often precipitates breakdown of the 

blood-retinal barrier (BRB), edema, and neovascularization [15]. Early 

histopathological changes in patients and in rodent models of DR include 

thickening of the capillary basement membrane (BM), apoptosis of retinal 

pericytes, and endothelial dysfunction [19]. In terms of BM thickening , its 

manifestation involves alterations of the. parenchymal and microvascular 

extracellular matrix which in turn contributes to the impairment of endothelial-to-
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pericyte communication (20]. Vascular BM thickening may be an outcome of 

increased synthesis of BM components such as fibronectin , laminin and collagen 

IV. Inversely, BM thickening could be a consequence of reduced degradation of 

BM components by catabolic actions of the endothelium. This process may also 

involve the accumulation of advanced glycation end-products in the diabetic milieu , 

which enhances cross-linking in vascular BMs [21]. This cross-linking abnormality 

is associated with diminished BM catabolism, altered vascular tone, and 

vasodegeneration seen in DR [21 ]. Pericytes and smooth muscle cell death are 

early clinical signs of DR, which occur at similar time points [22]. The underlying 

mechanisms of pericyte and smooth muscle cell apoptosis remain elusive, yet the 

depletion of growth factors such as pigment epithelium-derived growth factor 

(PEDF) that are vital for pericyte/smooth muscle cells interaction in diabetes may 

be related to the evident dysfunction of these vascular cell types [23]. Endothelial 

cell dysfunction occurs at time po1nts that parallel pericyt1c cell loss. Although the 

notion exists that endothelial cells are equipped to handle high sugar levels, 

prolonged hyperglycemia exposure can exhaust the replicative potential of these 

cells and induce a premature senescent phenotype [24]. This occurrence lends 

credence to the proposed view of DR as an "endotheliopathy". Although this view 

is controversial , defective endothelial cell function is undoubtedly linked to the 

progressive, reduction in capillary integrity seen in the disease. 

As mentioned before, an early hallmark of DR is the presence of 

microaneurysms. These structures appear as dark red or white spots in fundus 
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photographs, or hyperfluorescent spots in fluorescein angiographs. Studies 

comparing fluorescein angiograms to trypsin digest preparations have correlated 

regions of non-perfused microvasculature (apparent in angiograms) to areas with 

increased acellular capillaries [25]. These areas are typically found to be 

downstream from areas with an abundance of microaneurysms. Factors such as 

uncontrolled hydrostatic pressure from SMC loss, pericytic cell death , BM 

thickening, endothelial cell proliferation, thrombus formation, and leukocyte

mediated capillary occlusion have been implicated in the formation of 

microaneurysms in the diabetic microvasculature [26, 27]. 

A consequence of ischemia-related events during the progression of DR is 

the degeneration of capillaries. In both rodent and post-mortem retinal trypsin 

digest preparations, these degenerating vessels appear as non-perfused BM 

tubes devoid of endothelial cells. These capillaries may be associated with cotton 

wool spots in the neuroretina along with the occurrence of IRMAs. 

Neuronal and Glial Dysfunction in DR 

Neuronal damage is a critical event in the pathogenesis of DR as evidenced 

by data from electroretinography, dark adaptation , contrast sensitivity, and color 

vision tests that have demonstrated that neuroretinal function is compromised 

possibly before the onset of vascular lesions in humans [28]. Regarding the more 

advanced stages, loss of electroretinogram oscillations have accurately predicted 

the onset of proliferative retinopathy. Additionally, data collected from visual field 
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tests reveal the presence of visual field defects with little or no changes in the 

vasculature [29]. Diabetes-induced rodents display decreased cellularity in 

neuroretina cell types such as ganglion, amacrine and photoreceptor cells, while 

post-mortem human diabetic retinas exhibit increased markers of apoptosis in 

ganglion cells [30-32]. Experimental diabetes in rodents after 12 weeks of 

hyperglycemia shows abnormally decreased photoreceptor components of the 

ERG which correspond to apoptosis of rods and cones [32]. 

VEGF induction in DR 

Increased expression of vascular endothelial growth factor (VEGF) is 

considered to be a major cause of PDR. An antagonistic relationship exists in the 

diabetic retina between the increased levels of VEGF in response to hypoxia and 

the decreased levels of the endogenous angiostatic factor, PEDF. This imbalance 

in pro- and anti-angiogenic factors results in the initiation of neovascularization and 

compromise of the blood-retinal barrier (BRB) evident in DME. VEGF production 

has been detected in a number of non-vascular cell types within the retina, which 

include glial cells and retinal neurons, suggesting that DR is a disease of the entire 

neurovascular unit of the retina [18, 33]. The elevation of VEGF in ocular fluid of 

diabetic patients is detected prior to the onset of frank retinopathy, implicating this 

factor as a primary trigger of retinal neovascularization (RNV) [16]. 
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Inflammation in DR 

There is compelling evidence that inflammation contributes to both the 

development and the progression of DR and DME. Injury to retinal neurons, 

endothelial cells and pericytes provoke an inflammatory response marked by 

activation of microglial cells and circulating monocytes, which leads to the release 

of various inflammatory cytokines [18, 33, 34]. Recent evidence also confirms that 

retinal vascular cells and neuroglia themselves display altered inflammatory 

cytokine expression profiles [35, 36]. Thus, pro-inflammatory signals derived from 

a subset of different retinal cell types underline the complexity of chronic 

inflammation in the diabetic retina. Aberrant expression of proinflammatory 

cytokines such as interleukin-1a (IL-1a), interleukin-1~ (IL-1~) . interleukin-6 (ll-6), 

and tumor necrosis factor a (TNFa) and leukostasis have been linked to 

neurovascular dysfunction, formation of acellular capillaries, and breakdown of the 

BRB [37, 38]. Leukocytes that adhere to the retinal vasculature utilize specific 

adhesion molecules such as the integrin ligand, CD18, which binds to intercellular 

adhesion molecule-1 (ICAM-1 ). ICAM-1 is a cell surface glycoprotein expressed 

on endothelial cells and leukocytes in the immune system [33, 39]. Not only is the 

gene expression of ICAM-1 up-regulated in diabetes, but interestingly, 

accumulating reports have implicated that genetic polymorphisms in the ICAM1 

gene are associated with diabetic complications [39]. 
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Hyperglycemia itself promotes the activat1on of a number of pathways 

(aldose reduction, advanced glycation end products (AGE) formation, induction of 

reactive oxygen species, and activation of PKC [40, 41]. All these events give rise 

to oxidant and inflammatory mediators that result in deleterious effects both 

systemically and locally in retinal tissues. Taken together, a number of direct and 

indirect factors stimulate chronic inflammation in the diabetic retina. This vicious 

cycle mediates the neuro-vascular damage observed in the progression of DR. 

Oxidative stress 

Oxidative stress (OxS) refers to the imbalance between excessive 

production and inadequate removal of reactive oxygen species (ROS) from the 

cellular environment [42]. Imbalances in generat1on/detoxificat1on of reactive 

nitrogen species (RNS) derived can also contribute to (OxS). The retina is an organ 

that is particularly susceptible to OxS due to a high content of polyunsaturated fats, 

oxygen uptake and glucose oxidation. Chronic OxS can lead to the damage of 

DNA, lipids, proteins, and carbohydrates. The accumulation of these permanently 

modified molecules by oxidation/nitration causes a disruption in cellular 

homeostasis, which contributes to pathological events such as cell death and 

inflammation in a number of diseases that affect the retina such as Age-Related 

Macular Degeneration (AMD) and DR. 
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The Aging Retina 

The occurrence of rapid aging, or stress-induced premature senescence is 

a less explored consequence of glucose-mediated oxidative stress in the 

vasculature. This injury involves structural and functional damage via the 

impairment of endothelial cell (EC) replicability, DNA damage, telemore 

shortening, and genomic instability [43, 44]. Interestingly, the endothelium is a key 

mediator of the aging process when in the presence of insulin resistance [45]. 

Several changes seen at the cellular and tissue level in the diabetic retina are 

similar to changes seen in the normal aged retina. It has been recently 

demonstrated that hyperglycemia accelerates an aging-like process in the 

vascular ECs and such process is mediated via downregulation of SIRT1 , causing 

reduction of antioxidant activity in a p300 and FOX01 mediated pathway [46, 47]. 

We have shown that a senescence-associated factor, amyloid beta, 

suppresses the activity of the thioredoxin system (TrxS), a key regulator of cellular 

redox homeostasis, and this impairment is associated with retinal cell death and 

neurodegeneration [48]. We found that inhibition of this system occurs by 

modulating the enzymatic activity of thioredoxin reductase 1 {TrxR1 ), thus, 

suggesting a critical role for this enzyme in the maintenance of retinal tissue 

homeostasis and in retinal cell survival. 
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Oxidative Stress in DR 

Diabetes and high glucose conditions can increase the formation of ROS 

by multiple biochemical pathways in many cells of the retina . These pathways 

include impairment of mitochondrial electron transport chain function, formation of 

advanced glycation end-products (AGEs), eNOS uncoupling, and activation of the 

polyol pathway and of PKC isoforms [41 , 49]. Additionally, a number of enzymatic 

reactions due to the activities of NAD(P)H oxidase and other enzymes (i.e. 

xanthine oxidase and lipoxygenases) result in an overproduction of ROS as a 

result of diabetes [33, 40]. 

The source of superoxide production occurs primarily through the activity of 

the mitochondria. In hyperglycemia, normal ETC flow is disrupted and promotes 

electron leakage, actions that drive the formation of superoxide. Additionally, 

mitochondrial ROS can suppress antioxidant enzymes such as superoxide 

dismutase (SOD) and glutathione in retinal cells. It has been demonstrated that 

overexpression of mitochondrial SOD is protective against diabetes-induction 

oxidative damage 1n the retina (50]. 

Hyperglycemia can induce non-enzymatic glycation reactions that result in 

the formations of AGEs, which lead to increased ROS production . These reactions 

can occur on glucose as well as other glycating compounds derived from glucose 

and increased fatty acid oxidation (51]. AGEs change the physical properties, 

functions, and activities of proteins. The production of these end-products and their 

receptor, receptor for advanced glycation end-products (RAGE), is irreversible the 
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later stages of DR [52, 53]. Accumulation of AGEs have been shown to have a 

deletenous effect in endothelial cells, and induce breakdown of the blood-retinal 

barrier [53]. 

The polyol pathway is another source of oxidative stress in hyperglycemia 

as a result of unused glucose diverting to this pathway when accumulating at high 

concentrations [40]. The first step of this pathway is the reduction of glucose to 

sorbitol by aldose reductase, which occurs due to the oxidation of the cofactor, 

NADPH to NADP+ Sorbitol dehydrogenase can then oxidize sorbitol to fructose, 

which produces NADH from NAD+ In hyperglycemia, production of sorbitol is 

favored, therefore activation of the polyol pathway results in a decrease of reduced 

NADPH and oxidized NAD+ The latter are these essential cofactors 

in redox reactions throughout the body, therefore, NADPH depletion leads to 

decreased activities of antioxidant enzymes. 

Persistent and excessive activation of several PKC isoforms is a common 

pathway mediating tissue injury induced by diabetes-induced ROS [54]. This 

results primarily from enhanced diacylglycerol (DAG) synthesis from glucose. 

Evidence suggests that the enhanced activity of PKC isoforms could also result 

from the interaction between AGEs and their cell-surface receptors While 11 PKC 

isoforms ex1st, it has been shown that hyperglycemia activates the PKCp and 

PKC6 1soforms in cultured vascular cells [55]. 
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NADPH oxidase is a major source of ROS production following 

hyperglycemia [33]. NADPH oxidases are multimeric enzymes, which contain a 

heterodimenc membrane-bound cytochrome b558 made of either NOX2 or NOX4 

and p22phox subunits. NOX2 activation requires its association with four cytosolic 

subunits: p47phox, p67phox, p40phox, and Rac1 , whereas the NOX4 complex is 

constitutively active and regulated by gene expression . These enzymes produce 

free radicals that accumulate in the ret1na under ISChemic and hyperglycemic 

conditions as a result of over activation [56] 

These biochemical pathways can be activated by a number of different 

cellular sources within the retina such as those derived from the vasculature 

(endothelial cells, pericytes, and infiltrating monocytes), support1ve glia (Muller and 

m1croglia) and the neuroretina (ganglion cells). A large number of studies have 

shown that OxS plays a critical role in the development and progression of 

diabetes-induced retinal tissue injury. Although there is some evidence linking 

retinal oxidative stress and complication associated with diabetes, the 

mechanisms behind these occurrences remain unclear. The term oxidative stress 

has s1nce expanded from just the ROS-induced damage of macromolecules 

Recently, evidence is provided suggesting that decreased antioxidant capacity 

may also significantly contribute to these pathological events [57, 58] 
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Antioxidant defense in DR 

Subsequent reactions involving superoxide, NO, and other free radicals can 

lead to ROS and reactive nitrogen species (RNS) formation, the effects of which 

may be mitigated by vascular antioxidant enzymes including thioredoxins (Trxs), 

peroxiredoxins (Prxs), superoxide dismutases (SOD), catalase, glutathione 

peroxidases (Gpxs), glutathione S-transferases, heme oxygenase (HO), and 

glucose-6-phosphate dehydrogenase [59-62] However, under conditions of 

oxidat1ve Imbalance, uncontrolled ROS and RNS generation stimulates 

pathogenesis. In animal models of DR, reduced levels of retinal antioxidants have 

been observed, such as superoxide dismutase (SOD). thioredoxin (Trx), 

glutathione reductase and glutathione peroxidase as well as nonenzymatic 

antioxidants such as VItamins C and E. and beta-carotene [63, 64]. Levels of 

glutathione (GSH), a key scavenger of ROS, are also reduced in the retina of 

diabetic rats (65] Additionally, increased levels of oxidized GSH have also been 

found in diabetic patients [66]. 

A number of animal studies suggest that ant10x1dant supplementation in 

animal models improves OxS-induced damage to the diabetic retina. Preventative 

stud1es in STZ-rats have shown that long-term administration of vitamin C and E 

supplemented with a cocktail of antioxidants blunts the formation of retinopathic 

acellular cap1llanes and pericyte ghosts [67] Furthermore, our laboratory and 

others have shown that administration of compounds exh1b1tmg potent antioxidant 

activity protect the retina from Inflammatory med1ators associated with the 
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pathogenesis of DR (68-70]. Studies demonstrate that long-term administration of 

mimetics of the antioxidant MnSOD improved endoneural blood flow and inhibited 

glucose-induced ret1nal capillary apoptosis 1n rodent models of DR [22, 71]. 

Redox cascade of the Trx system (TrxS) 

The TrxS in mammalian cells utilizes thiol groups to maintain a reducing 

intracellular state[72] Trx-S2 (oxidized form of Trx) is reduced back to its active 

form by the NAD(P)H-dependent selenoenzyme, thioredoxin reductase (TrxR) 

[60].Reduced nicotinamide adenine dinucleotide phosphate (NADPH)+H+ is 

generated by the pentose phosphate pathway NADPH+H• reduces oxidized TrxR, 

wh1ch regenerates the pool of reduced Trx (Figure 4). TrxR 1tself is also restored 

back to an active thiol by NAD(P)H upon oxidation due to reduction of Trx 

Reduced Trx contributes to maintaining a reducing environment through the 

reversible thiol-d1sulfide exchange reaction. Deletion of both Trx and TrxR result in 

embryonic lethality, underscoring the fundamental importance of this enzymat1c 

system [72] A number of studies show that the Trx system participates m a number 

of redox-dependent cellular processes such as s1gnal transduction, gene 

expression , cell growth, and apoptosis [73] 
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Figure 4 

NADPH + H+ 

NADP+ 

Figure 4 TrxS signaling cascade. NADPH+ reduces oxidized TrxR (TrxRox), 
which regenerates the pool of reduced Trx (Trxrf:ld) Trxred reduces oxidized proteins 
(also lipids and DNA) by donating an electron. TrxR 1tself is also restored back to 
an act1ve thiol by NAO(P)H upon oxidation due to reduction of Trx. 

Thioredoxm 

In 1964, the purification of Trx in Escherichia col1 first revealed the enzyme 

as a hydrogen donor for ribonucleotide reductase [74]. Mammalian cells contain 

two, 12kDa Trx 1soforms which are ubiquitously expressed. Thioredoxin-1 (Trx1 ), 

is mainly cytosolic, but can translocate to the nucleus during oxidative stress. 

Th1oredox1n 2 (Trx-2) is located in the mitochondria, and 1s essential for 

mitochondna-dependent apoptosis [75] Although the function of Trx-2 has been 

characterized. little IS known about the regulation and function of its respective 

reductase, thioredoxm reductase 2 (rev1ewed later). 
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Trx is also expressed extracellularly, and is released in response to 

oxidative stress during infection and inflammation as a chemoattractant for 

neutrophils, monocytes. and T -cells [76] Extracellular Trx was first purified as a 

secretory protein of human origin and coined adult T cell leukemia-derived factor 

(ADF) [76]. Derived from culture supernatants of human T cell leukemia virus 

Type-1 , this extracellular form was found to have cytokine-like activity, making it a 

potential therapeutic tool to combat inflammation in a number of diseases [76]. 

A C-terminally truncated form of Trx, Trx80, has also been identified, however, this 

form lacks oxidoreductase abilities and is not reduced by TrxR [77] . The regulatory 

mechamsms of this form of Trx remain ill-defined, but it is suggested that Trx80 is 

a product of a-secretase cleavage that inhibits amyloid beta aggregation and 1s 

decreased 1n Alzheimer's Disease [78] Alpha-secretases are a family of proteolytic 

enzymes that cleave amyloid precursor protein (APP) in its transmembrane region 

Specifically, alpha secretases cleave within the fragment that gives rise to the 

Alzheimer's disease-associated peptide amyloid beta [78]. Interestingly, our 

laboratory has reported that a loss of thioredoxin function exists in retinas of mice 

overexpressing amyloid-beta and is correlated with retinal degeneration, further 

suggesting that altered thioredoxin funct1on is Involved in the neurodegenerative 

processes seen 1n amyloid beta-associated diseases [48]. 
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The first three-dimensional structure of bacterial Trx demonstrated that Trx 

has a motif, which has been described as the Trx fold (Figure 5). This motif consists 

of four beta strands surrounded by three alpha-helices. Other mammalian 

components of the Trx family, Grxs, protein disulfide isomerases, quiescin-

sulfhydryls also conta in this common Trx fold [79]. Sequencing analysis of bacterial 

Trx showed that it participates in redox reactions through the reversible oxidation 

of its active center dithiol ( -Cys-Giy-Pro-Cys-), to a disulfide, and catalyzes dithiol-

disulfide exchange reactions [74] A thiol-disulfide exchange reaction is defined as 

a bimolecular nucleophilic substitution react1on that mvolves the transfer of 

electrons from Trx to the substrate protein [80]. To execute this reaction, Trx 

utilizes Cys32 and Cys 35, a pair of cysteine th1ols at its active center. 

Figure 5 

e.u 

Figure 5 Three-dimensional structure of human 
thioredoxin (Trx) The basic th1oredoxin fold consists of 
four {3-beta strands surrounded by three a-helices. Trx 
has an additional a-helix and {3-beta strand at the N
terminus. The catalytically active cysteine residues are 
found at position 32 and 35. Image from Lee eta/., 2013 
[79]. 
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Most of the antioxidant abilities of Trx are exerted by reducing Prxs 1-6 of 

the Prxs family, which utilizes thiol groups to scavenge oxidants and nitrat1ve 

species [60] Although Trx is present at low intracellular concentrations, the 

specificity of its redox regulation (reduction of ribonucleotide reductase, 

methionine sulfoxide reductase, and peroxiredoxins) make it an important 

regulator of DNA synthesis, repair of methionine sulfoxide, oxidized proteins, and 

hydrogen peroxide signaling [79] 

Trx not only acts as a detoxifier of the intracellular environment, but also 

interacts with several proteins v1a disulfide bridges modulating their function. Trx 

modulates the activity of a vanety of molecules, including transcription factors , 

such as nuclear factor factor kappa beta (NF-k~) and hypox1a inducible factor 1 

(HIF-1 ), hormone receptors, redox cysteines and other signaling molecules [81]. 

Trx1 , in the oxidized form, can be mtrosylated at Cys73 and can transnitrosylate 

target proteins, including the pro-apoptotic factor, caspase 3, rendering it inactive 

[82]. In fact, vasculoprotective agents , which enhance protein S-nitrosylation via 

activation of endothelial NO synthesis, have been shown to exert protective 

antioxidant activity by mediating S-n1trosylat1on of Trx1 [83]. 

Some of the most extensively characterized interactions between Trx and 

signaling molecules are those of phosphatase and tensin homolog (PTEN), 

apoptosis signal-regulating kinase 1 (ASK-1 ), and the th1oredox1n-interacting 

protein (TXNIP, described in detail later). PTEN (phosphatase and tensin 
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homologue deleted on chromosome 1 0), also referred to as MMAC (mutated in 

multiple advanced cancers) phosphatase, is a tumor suppressor implicated in a 

wide variety of human cancers [84] ASK-1 is a MAP kinase ktnase kinase 

(MAPKKK) which plays a key role in promoting stress- tnduced apoptosts. Only 

reduced, active Trx binds to ASK-1 and forms a disulfide bond , wh1ch in turn 

suppresses ASK-1 activity (Figure 6). During conditions of elevated ROS or other 

types of stress Trx is oxidized and dissociates from ASK-1 The latter is then free 

to be phosphorylated, at Thr838 of human ASK-1 and Thr845 of mouse ASK-1 , to 

activate the mitogen signal cascade, which leads to phosphorylation/activation of 

the stress-mduced ktnases jun-amino-terminal ktnase (JNK) and p38 to promote 

apoptosis [79]. 

Figure 6 
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Figure 6 Activation of ASK-1 through Trx1 oxidation. Once reduced. Trx1 bmds 
to ASK-1 resultmg m suppress1on of its actiVIty However, m the presence of ROS 
or other types of stress Trx 1s oxidized and dissociates from ASK-1. facilitating 1ts 
phosphorylation/activation. 
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Thioredoxm Reductase 

The purification of TrxR led to the discovery that TrxR is a flavoenzyme with 

high specificity for the reduction of the active s1te of the disulfide found in oxidized 

Trx (85]. TrxR exists as three isoforms, TrxR1 1n the cytosol and nuclei, TrxR2 in 

the mitochondria, and TrxR3 or thioredoxin glutathione reductase (TGR) in the 

testis[86]. 

TrxR1 can also be released extracellularly and its structure and function 

have been the focus of many studies surrounding 1ts react1on to certain drugs used 

in the treatment of inflammation and cancer [72] Resolution of the 30 structure 

allowed the investigation of the TrxR structure-function relationship [87] Studies 

conducted by Holmgren et al. revealed that TrxR 1s a homod1meric selenoenzyme 

with a flavin adenine dinucleotide, a functional disulphide/dithiol. and includes a 

penultimate carboxy-terminal selenocysteine residue in 1ts Gly-Cys-SeCys-Giy 

active site (87] Mammalian TrxR forms antiparallel homod1mers. Both subun1ts 

are necessary for a normal redox react1on during a catalytic cycle The catalytic 

reaction of TrxR consists 1n a series of steps , which first 1nvolves the reductive 

reactions within the TrxR d1mer subunits. Initiated by interaction with NAD(P)H, 

these reductive react1ons ultimately result in the formation of selenolth1ol mot1f 

within the dimer. This reduced selenolth1ol motif can, in turn , reduce the substrates 

of TrxR, including the active site disulfide between pos1t1ons 32 and 35 of Trx [87]. 

Little is known about the transcnptional regulation of TrxR2 and TrxR3 

however, TrxR1 transcription IS driven by a nuclear factor (erythro1d-denved 2)-like 
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2 (Nrf2)-regulated antioxidant respons1ve element [88]. In fact, the silencing of Nrf2 

express1on in A549 cells, a lung cancer cell line highly res1stant to chemotherapy 

with very high levels of TrxR1, resulted in the lowenng of TrxR1 expression and 

increased sensitivity of these cells to chemotherapy Th1s find1ng indicates that 

TrxR1 and other Nrf2-driven genes contribute to cancer cell resistance to 

chemotherapy [79]. TrxR1 may also be regulated post-transcriptionally. The 

removal of adenine/uridine (AU)-rich elements in human TrxR1 messenger RNA 

(mRNA) is thought to mediate rapid mRNA turnover, which prolongs TrxR1 mRNA 

stability This suggests that TrxR1 RNA Interference may be mvolved in the post

transcriptional regulation of TrxR1 expression [88]. 

Selenium is required for the expression and activity of TrxR Increasing 

levels of sub-toxic doses of selenium increases TrxR activity and expression, and 

promotes antioxidant defenses [89]. In addit1on to selen1um, there are a large 

number of compounds that increase TrxR expression , Including Nrf2 activating 

factors, oxidized low-density lipoprotein and estrogen [89] It has recently been 

demonstrated that TrxR1 has an endogenous inhibitor, caveohn 1, a structural 

component of caveolae. The scaffolding doma1n of caveolin 1 b1nds directly to the 

caveolin-bindmg motif of TrxR1 (Figure 7). Interactions between TrxR1 and 

caveolin 1 reduce TrxR1 activity and induce free radical-dependent activation of 

premature cellular senescence through the act1vation of the p53 pathway [90, 91]. 
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Figure 7 
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Figure 7 Mechanism of Cav1/TrxR1 inhibition. Dtagram represents the 
scaffoldmg domain of caveolm 1 (ammo actd 82-101), which binds directly to the 
caveo/in-binding motif of TrxR1 and other signalmg molecules. 

Several electrophilic compounds that mteract with the redox-active residues of 

TrxR and inhibit its activity are currently used in chemotherapeutical reg imes to 

treat cancer. These include platinum-containing compounds and gold-containing 

drugs [92]. Since treatment w1th these drugs decrease TrxR activity, they diminish 

the interaction between Trx and TrxR as well and have an impact on the overall 

levels of oxidative stress in the cell. While cancer cells are exposed to increased 

levels of ox1dative stress and m1ght benefit from higher TrxR activity, lower-dose 

selenium could 1ncrease baseline TrxR activity and be protective against cancer 

development as an antioxidant [79]. Therefore. the Selenium and Vitamin E 



36 

Cancer Prevention Trial (SELECT), a large prospective, randomized, and placebo

controlled trial with more than 35,000 patients, sought to determine whether 

selenium supplementation conveys protective effects on the development of 

prostate cancer [93]. In spite of previously published positive epidemiologic and 

preclinical studies, the SELECT trial showed no effect of selenium 

supplementation on the prevention of prostate cancer. These findings highlight the 

need for a better understanding of the various redox-regulated pathways that are 

dependent on the Trx!TrxR interaction 

TrxR enzymes are essential components of the Trx system, therefore, 

changes 1n TrxR expression and act1v1ty have an immediate impact on Trx activity 

as well . Thus, the changes in Trx that are documented as being linked to human 

diseases also Implicate changes in the function of TrxR It has been shown that 

Trx!TrxR may be involved in a large vanety of different human physiological and 

pathophysiological processes, such as embryonic development, aging, 

Alzheimer's disease, cancer, hyperoxic lung injury, cataract, skin pigmentation, 

hemolytic and Fanconi anemia, and even HIV infection and diabetes [72]. The 

specific roles that TrxR play in these pathological conditions, however, have not 

been fully elucidated 
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Thioredoxin-interacting protein (TXNIP) 

Considerable attention has been given to the spec1fic interaction of Trx w1th 

its known endogenous 1nh1b1tor, TXNIP. TXNIP reacts only with the reduced, act1ve 

form of Trx1 and Trx-2, resulting in the formation of an Intermolecular disulfide 

bridge at Cys247 (Figure 8). TXNIP (also called vitam1n 03-upregulating protein 1 

or thioredoxin-binding protein 2) was first described as a protein up-regulated in 

the human promyelocytic leukemia cell line HL-60 treated with 1,25-

dihydroxyvitamm 03 in a study 1dent1fying genes that are differentially regulated 

during HL-60 cell differentiation to monocytes [94] Structural sequencing has 

determined that TXNIP is one of six discovered u.-arrestins, and has received 

attention for its emerg1ng role as a key regulator of redox s1gnallng and 

metabolism, as well as for be1ng the sole u-arrestin that can inh1b1t Trx [80] The 

<1.-arrest1ns are classified as a prote1n superfamily, which shares the common 

arrestm fold structure, but the funct1on of th1s more ancient branch is not clearly 

defined (95] It is, however, currently emerging that several a-arrestins play 

prom1nent roles in the regulation of metabolism and obesity Like many arrestin 

prote1ns TXNIP contains an N-terminal and a C-terminal arrestin domain. The 

latter contains the above mentioned Cys24 7 which is requ1red for the 1nteract1on 

with Trx [96] At the C-terminal. TXNIP has two PPXY motifs (with X be1ng any 

aminoacid}, which are known to mteract with WW domains. There is ev1dence that 

the presence of this motif 1s Involved 1n the regulation of TXNIP turnover, as it can 
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directly interact with E3 ubiquitin ligase and ITCH promoting proteasomal 

degradation of TXNIP [97]. Only the N-terminal region of TXNIP has been 

crystallized, therefore much of the structure-function relationships between TXNIP 

and its known ligands remain unresolved as is its regulation (98]. 

Figure 8 
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Figure 8 Proposed TXNIP/Trx 
interaction. (A) Txnip reacts with 
reduced Trx and forms an 
intermolecular disulfide at 
cysteine 247. (B) No disulfide 
exchange react1on is possible 
between TXNIP and oxidized Trx. 

The human TXNIP gene is located on chromosome 1q21 and comprises 

eight exons and seven introns spanning - 5 kb [98] TXNIP gene shares a close 

nucleotide sequence homology with rodent (mouse and rat) and zebrafish. 



39 

Human TXNIP has a molecular mass of 46kDa and consists of a 391 amino acid 

sequence, which is 96% identical to that of the mouse, suggesting that TXNIP 

has fundamentally important biological functions. 

Besides its original stimuli , Vitamin 0 3, enhanced TXNIP gene expression 

may occur through a number of stress stimuli such as high glucose, insulin, heat 

shock, UV, H20 2, receptor for advanced glycation end products (RAGE), and 

mechanical stress among others [99). This stress-induced upregulation of TXNIP 

results in the sequestration and inactivation of reduced Trx, which in turn leads to 

cellular oxidative stress. On the other hand, TXNIP expression is frequently 

suppressed in human cancers [100). In fact, TXNIP-deficient mice are associated 

with higher incidences of hepatocellular carcinoma [79] 

TXNIP and metabolism 

The control of TXNIP expression by insulin and glucose has generated 

intense interest, as TXNIP is one of the genes most responsive to blood glucose 

levels and insulin signaling in patients with type 2 diabetes mellitus. The TXNIP 

promoter contains a carbohydrate response element (ChoRE) that is responsible 

for the glucose responsiveness of TXNIP expression [101] TXNIP expression is 

induced by a number of metabolism-associated stimuli such as hypoxia, lactic 

ac1dos1s, inhibition of oxidative phosphorylation, and adenosine-containing 

molecules (NADH or ATP) [1 01) Another transcnpt1on factor that controls fatty ac1d 

and glucose metabolism, peroxisome prohferator-activated receptor gamma 
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(PPARy), also regulates TXNIP expression through functional PPARy responsive 

elements 1n the TXNIP promoter. Since TXNIP negatively regulates PPARy activity 

in adipose tissue, this reciprocal feedback mechantsm underscores the role that 

TXNIP plays in cellular metabolism [102] . 

A dichotomy exists between the adaptive or maladaptive changes in TXNIP 

expression in response to glucose, and whether these changes contribute to the 

pathogenesis of diabetes. From one perspective, increased expression of TXNIP 

leads to increased oxidative stress through reduced Trx activity in vitro and in vivo. 

Since ROS are the key products of different pathogenic biochemical pathways 

activated by diabetic hyperglycemia, TXNIP up-regulation might significantly 

contribute to diabetic end-organ damage On the other hand , TXNIP decreases 

both basal and insulin-stimulated glucose uptake 1n Insulin-responsive cells [79] 

This represents a negative feedback mechanism for cells in the sett1ng of 

hyperglycemia, in which cells may react to increased glucose uptake and 

metabolism by up-regulating TXNIP and Inhibiting further glucose uptake. Studies 

of the structure-function relationship of TXNIP show that a decrease in glucose 

uptake is independent of Trx binding, as the C247S mutant form of TXNIP that 

does not bind Trx is still able to inhibit glucose uptake, and the arrestin domains 

themselves are necessary for that particular metabolic function (1 03]. 

Interestingly, all these stud1es have led the conclus1on that TXNIP, the main 

function of which has been described as the regulator/inhibitor of Trx, may actually 

work primarily as an a-arrestin wh1ch is regulated by Trx 
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TXNIP and the inflammasome 

Recently, TXNIP has been identified as a participant in pro-inflammatory 

cascade involving the activation of the inflammasome [104] a functional 

component of the innate immune system that can be activated by a number of 

stimuli such as bacteria, glucose, viruses, and crystallized endogenous molecules 

such as monosodium urate crystals. 

The NOD-like receptor family, pynn domain containing 3 (NLRP3) 

inflammasome, is composed of the Nod-hke receptor prote1n NLRP3, CARDINAL, 

the adaptor protein ASC, and caspase-1, and this macromolecular Signaling 

complex results in the production of mature IL-1 ~ . a cytokine that contributes to 

the development of insulin resistance and cell death. By using a using a yeast 

two-hybrid screen, TXNIP was determined to be a binding partner for NLRP3, 

which is the initiating protein of the inflammasome cascade [1 05]. 

The current hypothetical model for redox-dependent association of TXNIP with 

NLRP3 suggests that inflammasome activators induce dissociation of TXNIP from 

Trx 1n a redox-dependent manner and facilitate binding to and activation of 

NLRP3 It has been demonstrated that TXNIP deficiency leads to impairment of the 

NLRP3 inflammasome act1vat1on and secret1on of IL-1~ [104]. Interestingly, 

NLRP3 knockout and TXNIP knockout mice share Important functional Similarities, 
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such as 1m proved insulin sensitivity [1 06]. These studies suggest that TXNIP is an 

important link between oxidative stress and innate immumty, which involves its role 

as regulator of msuhn sensitivity. 

Thioredoxin m the eye 

Studies focused on TrxS in the eye show that Inhibition of the TrxS can have 

deleterious effects in the neuroretina For example, one study suggests that Trx1 

decreases in retinal ganglion cell (RGC) bod1es and their axons may be associated 

with TNF-induced optic nerve axonal degeneration (107] Downregulation of Trx1 

has also been shown to be an important factor during light-Induced 

neurodegeneration of photoreceptors (1 08]. We have shown that suppression of 

the TrxS 1s involved 1n amyloid-P induced retinal neurodegenerat1on [48]. On the 

other hand, induct1on of Trx1 and Trx-2 has been shown to have a protective effect 

in ret1nal ganglion cell (RGC) death after optic nerve transect1on (ONT) [1 09]. Other 

stud1es support th1s claim, demonstrating that Trx1 and Trx-2 overexpression can 

increase RGC survival in experimental glaucoma [11 0]. 

Several stud1es have point out that TXNIP is up-regulated in the diabet1c 

retina and this contributes to the onset and progression of DR In these studies, 

TXNIP was shown to mduce inflammation through chromatin modification in retinal 

capillary endothelial cells under diabetic conditions [99] Inhibition of TXNIP 

expression in vivo resulted 1n blockade of its target genes, cycloxygenase-2 (Cox-
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2) and fibronectin (FN), demonstrating that TXNIP has a causative role 1n aberrant 

gene induct1on 1n early DR (111] TXNIP Inhibition also resulted in the abolishment 

of diabetes-Induced retinal gliosis and ganglion injury. It was also demonstrated 

that HG sustains TXNIP up-regulation 1n Muller glia and evokes a program of 

cellular defense/survival mechanisms that ultimately lead to oxidative stress, ER 

stress/inflammation, autophagy and apoptosis [112]. 

Statement of the Problem 

Therapies for diabetic retinopathy (DR) the leading cause of blindness 1n 

work1ng-age Americans, are limited due to insufficient knowledge of its 

pathogenesis. T1ght glycemiC control may offer some prevention, however, poor 

pat1ent compliance and the recently stud1ed phenomenon of the "diabetic memory", 

urge the development of more effect1ve treatments [7] A better understanding of 

DR pathogenesis 1s key to the identification of new treatments. For example, a 

complete understanding of the molecular events involved 1n hyperglycemia

induced cap1llary loss, a prominent feature of early stage DR, has not been fully 

elucidated The lack of sufficient knowledge regarding the specific mechamsms 

involved in hyperglycemia-induced injury of retinal vascular cells (endothelial and 

pericytes) is, therefore, a cnt1cal barrier to the development of effective therapies 

for DR 
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ROS-1nduced OxS is the primary contributing factor to the neurovascular 

injury seen in DR. The studies within the scope of this thesis are aimed at 

characterizing how the endogenous antioxidant system of the th1oredoxins, the 

central regulator of cellular redox homeostasis, is modulated by hyperglycemia. 

OxS-induced retinal damage has been associated with a number of ocular 

pathologies. Some of the negative downstream effects of excessive oxidant 

production which impair retinal function are apoptosis, inflammation, and 

premature cellular senescence [62] These functional outcomes of OxS have been 

linked to the functional abnormalities seen in glaucoma, AMD and DR. Apart from 

the overproduction of ROS loss of ROS catabolism regulated by critical 

antioxidant cysteine families such as the Trx system. have been shown to 

contribute to unregulated damage to macromolecules and imbalance 1n cellular 

redox homeostasis [62] Suppression of the TrxS has been implicated in the 

pathogenesis of DR. but the exact mechanisms behind this occurrence are not 

fully elucidated. 

Previous work conducted 1n our laboratory shows that specific loss of TrxR1 

act1vity, the enzyme which regenerates Trx1 back to an act1ve thiol , is linked to 

degeneration of the neuroretina found in An overexpress1on over time (11 -18 

months of age). These results along with other stud1es [113] have revealed two 
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key p1eces of information regarding TrxR1 : 1) Loss of TrxR1 is a critical limiting 

factor in the suppression of the Trx system in the neuroret~na . and 2) Decreased 

TrxR1 activity in the neuroretina is also a funct1on of ag1ng and can accelerate 

tissue damage. 

The mechanisms of TrxR inhibition and its contribution to retinal injury in 

DR, a pathological process that shares common features with the aging process, 

have not been addressed prior to these studies. 

Considerable focus on the oxidative stress-induced dysfunction of the Trx 

system in the retina has been on the neuronal components, however oxidative 

stress also has deleterious effects on the retinal vasculature. The current body of 

literature lacks sufficient information regarding the contribution of the Trx system 

to oxidative damage specifically m cells of the retinal vasculature. 

Additionally, the multi-functional characteristics of TXNIP suggest that its 

role in a multidimensional metabolic d1sease such as DR is regulated beyond a 

transcriptional level. The recent evidence of its phosphorylation by adenosine 

monophosphate-activated protein kinase (AMPK). an enzyme that plays a role in 

cellular energy homeostasis, supports this hypothesis [114). 



CHAPTER II: MATERIALS AND METHODS 

The sources of materials and resources used in this study are provided below 

Animals Adult male Sprague-Dawley (SO) rats (250-300g) and aged (12 and 14 

months) were obtained from Charles River Laboratories (Wilmington, MA). 

Tissue Culture: Cell culture reagents were acqu1red from the following vendors: 

DMEM. M199, 0.25% trypsin with 0 53 mM EDTA, 10,000 IU peniclllin-10,000 

~g/mL streptomycm (P/S)· Invitrogen. Carlsbad, CA Fetal bov1ne serum (FBS): 

Gemini 810 Products, West Sacramento, CA, gelatin Sigma-Aldrich St. Louis, 

MO, polystyrene coated 24-well plates 60 mm and 10 em dishes Corning Inc., 

Corning. NY, 2-well chamber slides. 4-well chamber slides, 12 mm coverslips and 

super frost slides: Fisher Scientific, P1ttsburg, PA; COS-7 cells:ATCC CRL-

1651 "', Manassas, VA. 

Pnmary Anttbodtes: Rabbit ant1-VDUP-1 (TXNIP). mouse anti-GFP, rabbit anti

GFP: Invitrogen, Carlsbad, CA, Rabbit anti-Trx1 rabbit anti-pPKC6, anti-pPKCu., 

anti-pPKCl., rabbit anti-PKC6 activated substrate: Cell S1gnaling Danvers, MA, 

mouse anti-~-actin , mouse anti-TrxR1 . rabbit ant1-ASK-1 Prote1n AIG: Santa Cruz 

47 
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Biotechnology, Santa Cruz CA; Mouse anti-nitrotyrosine: Cayman Chemical 

Company Ann Arbor, Ml; rabbit Anti-p161NK4a, anti-Nirp3· Lifespan Biosciences, 

Seattle, WA; goat anti-4-HNE: Abeam, Cambridge, MA; rabbit anti-caveolin-1 : 

Fisher Scientific, Pittsburgh, PA. 
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Secondary Antibodies: Alexa Fluor 488 donkey ant1-goat lgG, goat anti-rabbit lgG, 

Alexa Fluor 488, goat anti-mouse lgG, and Alexa Fluor 488, goat anti-rabbit lgG, 

Alexa Fluor 568; streptavidin-Aiexa Fluor 680, lsolectin 84. Invitrogen, Carlsbad, 

CA; ECL Mouse lgG, HRP-Iinked whole Ab, ECL Rabbit lgG, HRP-Iinked whole 

Ab: GE Healthcare Life Sciences, Pittsburgh, PA. 

Isolation and activity assays kits: Thioredoxin Reductase 1 Activity Colorimetric 

Assay, Lipid Hydroperoxide (LPO) Assay Kit, Thioredoxm 1 Activity Fluorescent 

Assay Activity Kit: Cayman Chemical Company, Ann Arbor, Ml; Senescence P

Galactosidase Staining Kit: Cell Signaling, Danvers, MA, 

IL 1-~ Quantikine ELISA Kit: R&D Systems, Minneapolis, MN; Pure Yield Plasmid 

Mid1prep System. Promega, Fitchburg, WI ; ProteoExtract Subcellular Proteome 

Extraction Kit. Millipore, Billerica, MA; Ti02 Phosphopeptide Enrichment and 

Clean-up Kit: : Fisher Scientific, Pittsburgh, PA. 

Chemical Reagents: Streptozotocin (STZ), Iodoacetic acid (IAA), lodoacetamide 

(lAM), Biotin-iodoacetamide (SIAM), guanidine chloride, p-mercapto-ethanol, 

Triton X-100, Dihydroethidine, D-glucose, paraformaldehyde, Luria Broth Miller's 

Modification, Fluoromount Aqueous Mounting Media, phorbol 12-myristate 13-

acetate (PMA), SIN-1 hydrochloride· Sigma-Aldrich, St. Louis, MO; 2',7'

dichlorodihydrofluorescein diacetate (H2DCFDA), Lipofectamine 2000, RNAiMAX 
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Optimem, Earle's Balanced Salt Solution (EBSS) Hoechst 33342: Invitrogen, 

Carlsbad, CA; Power Block: BioGenex, San Ramon, CA; FeTIPs: Millipore, 

Billerica, MA. 

Plasmids and transfection reagents: TXNIP-GFP (Plasmid 18758), TrxR1 (Plasmid 

38863): Addgene, Cambridge, MA; CA-PKC8 DNA: gift from Dr David Fulton

Vascular Biology Center, Georgia Regents University; custom bovine TrxR1 

siRNA, custom bovine PKC8 siRNA: (Dharmacon) Fisher Scientific, Pittsburg, PA; 

Opti-MeM I Reduced Serum Media: Invitrogen, Carlsbad , CA. 

Software: lmageJ 1.47: National Institute of Health, Bethesda, MA; PhotoShop 

CS2, Adobe Systems Inc.: San Jose, CA; Sequencher GeneCodes 5.1: Gene 

Codes Corporation, Ann Arbor, Ml; NCSS Statistical Analysis and Graphics 

Software: NCSS, LLC, Kaysville UT; spectraMax Gemini EM: Molecular Devices, 

Sunnydale, CA; Zeiss Axioplan2: Carl Zeiss Microscopy, Thornwood, NY. 
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METHODS 

Post-mortem human samples 

Human post-mortem eyes were obtained from Georgia Eye Bank (Atlanta, 

GA). The samples arrived to our laboratory within 12 hours post-mortem. Aged 

donors were considered to be 65 years or older. A brief clinical history was 

provided for each sample and this included: cause of death, diagnosis of diabetes 

and diabetic retinopathy. The information related to each donor is summarized in 

Table 1. Whole ocular globes were processed by the Georgia Regents University 

Pathology Laboratory to produce paraffin-embedded sections Isolated retinal and 

vitreal samples were processed for biochemical analysis according to specific 

protocols All the procedures using the human samples were performed in 

compliance with an approved standard operating protocol (BSL-2). 
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Table 1-Donor History 

Donor 
.0. experomentalgroup age sex s•gn•f•cant med•cal cond•t•on~ ocular htstorv 

PZl control/non dtabet•c SlM HTN. non~nvas•ve eye surgery 

PZ2 control/non dtabet•c 38M 

PZ3 control/non-d•abellc 52M HTN h•gh cholesterol 

PZ4 control/non d•abet•c 23M 

IPzs control/non dtabet•c 46F obes•tv 

IPZ6 cont rol/non d1abet1c 52M 

PZ7 control/non -d1abellc 56F 

PZS control/non·dlabet•c 41F 

PZ9 control/non-d1abet1C 37M 

PZlO OM 71 M NIOOM, dialySIS, Ml, HTN 

PZ!l OM 68M dialysis, morb1d obemy 

PZ12 OM 78F stroke, pacemaker 

PZ13 OM 67M dialys1s, HTN, CAD, diabetiC neuropathy 

PZ14 OM SSM COPO, obes1ty 

PZ15 OM 66M ESRO, Ml 

PZ16 OM 52M Ml, d1alys1s 

PZ17 OM 62F d1alys1s, HTN, stroke OR 

IPZ18 OM 60F obes•ty OR, laser OS 

IPZ19 OM 67M lOOM 10 years, toe amputat1on, d•alys•s OR, laser OS 

lOOM . d•alys•s. Park.nson's D•s"ase, <~ltered mental 

IPZ2o OM 71M state OR, glaucoma 

1Pz21 OM 73M lOOM. 25 years, d1alys1s, toe amputat1on OR, laser OS and 00 

iPZ22 OM 57F ESRO,IDDM 10 years. obes•tv OR 

PZ23 OM 49M leg amputat1on OR 

PZ24 aged (5S+) 66M cancer 

PZ25 aged (55+) 71M Stroke, HTN 

PZ26 aged (55+) 68F 

PZ27 aged (55+) 78F cerv1cal cancer 

PZ28 aged (55+) 81M se1zure d1sorder 

IPZ29 aged (55+) 79M obeSity, stroke 

PZ30 aged (55+) 74M HTN 

IPnt aged 155+l 73M 

Animals and animal treatments 

All the animal procedures were performed following the recommendations 

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

for the humane use of animals in vis1on sc1ence and in compliance with approved 

institutional protocols (protocol # 2009-0181) All animals were housed in the 

v1vanum of Georgia Regents University, and maintained on a 12 hours day/night 

light cycle and fed at libitum. 
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Diabetic and control rats. Adult male Sprague-Dawley (SO) rats (250-300g) were 

made d1abet1c by a single intravenous mject1on of streptozotocin (STZ) (65mg/kg 

dissolved 1n 0.1 M sodium citrate [pH 4 5]). Control rats from the same strain (SO) 

were administered vehicle alone. Rats were cons1dered to be diabetic when blood 

glucose levels were 2::300 mg/dl. Blood glucose levels were monitored weekly and 

at the time of sacrifice. Body weight was monitored weekly. Weight loss is 

considered as an adverse effect and should not exceed more than 20%. All 

animals were sacrificed at a time corresponding to 2-4 or 52-54 weeks following 

the onset of hyperglycemia The an1mals were sacrificed using an overdose of 

Ketamme-HCI (100 mg/ml) followed by thoracotomy. A hst of the different 

experimental groups is provided in Table 2 

Agmg rats. Another set of animals, corresponded experimental group, was 

represented by SO rats of 12 and 14 months of age (52 and 54 weeks, respective!), 

that were also sacrificed following the same procedures as described above. At 

the time of the sacrifice the retinas were exc1sed and preserved in different 

conditions according to the subsequent biochemical and morphological analysis. 
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Table 2- Experimental Animal Groups 

Treatment Duration of Agem n Weight (g) Blood Glucose 
Group Diabetes weeks (mg/dl) 

(wk) (wk) 

Control non- 13wk 6 252 6 187 6±12.9 
diabetic 

Diabetic 2 2wk 12 wk 6 2464 456.8±308 
wk (D2) 

Diabetic 4 4wk 14wk 6 231.8 464.9±26.2 
wk 

(04) 

Aged non- 52 wk 6 374 2 176±10.9 
diabetic 

Aged non- 54wk 6 387 5 182±11 3 
diabetic 

Cells and cell treatments 

In vitro studies were conducted employing a number of cell types including 

primary cultures of COS-7 cells (a fibroblast-like cell line derived from monkey 

kidney t1ssue), bovine retmal microvascular endothelial cells (BREC) and primary 

cultures of bovine retinal vascular pericytes (RPC) 

Cultures of COS-7 cells were performed maintaining the cells 1n DMEM media 

containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. These 

cells were used as "recipient" cells to perform biochemical experiments assessing 

specific protein-protein interaction (please see below). 
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Primary cultures of bovine microvascular retinal endothelial cells were prepared 1n 

our Laboratory following established protocols [115]. The cells were plated onto 

gelatin-coated dishes and were maintained 1n M199 medium (+glutamine and 

NaHC03) containing 10% fetal bovine serum (FBS). 1% penicillin/streptomycin 

and 20% VEC or CSC Media). These cells were used between passage 6 and 9. 

Primary cultures of bovine retinal pericytes (RPC) were obtained from Dr. Richard 

E White's laboratory [116]. RPC were plated onto gelatin-coated dishes and 

cultured in DMEM/F1 0 medium containing 10% FBS and 1% 

penicillin/streptomycin. The cells were used between passage 2 and 5. 

Glucose treatments were performed in BREC and RPC to assess the effects of 

different glucose concentrations on expression, act1vity and post-translational 

modifications of different components of the TrxS. In several experiments cells 

were switched to medium containing defined glucose concentrations for 48 hours, 

72 hours and 5 days, for BREC, and for 48 and 72 hours only for RPC. These 

treatment times were required to observe alteration in TrxS activity and/or 

presence of senescence and apoptotic markers. 

Normal glucose conditions (NG) were defined as normal media containing 

5.5 mM 0-glucose. This value is comparable to human fasting glucose plasma 

levels (4 2-5.6mM). High glucose cond1t1ons (HG) were defined as cells were 

cultured in the presence of 25mM 0-glucose 
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This concentration is intended to model peak of glucose plasma levels seen in 

response to an oral glucose challenge in poorly controlled diabetic individuals (15-

55mM). We have also tested the effects of the osmotic control L-glucose (25mM), 

which was used instead of the HG (25mM 0-glucose) to control osmotic effects. 

Treatments with anti-nitrating and nitrating agents were performed to assess the 

effects of nitration on TrxR1 activity. Treatments of BREC with 100J..tM of the 

peroxynitrite scavenger Fe TIPs (Calbiochem) were conducted 30 minutes prior to 

exposure to HG conditions for 72 hours and 5 days. The nitrating agent, SIN-1 was 

applied at a concentration of 0.5 mM for 6, 12 and 24 hours. Maximal response of 

SIN-1 occurred at the 24 hour time point 

Liposome-mediated cell transfection was used to alter gene expression of TrxR1 

and TXNIP-GFP and to determine protein-protein interactions. BREC and COS-7 

cells were grown to 80% confluency and serum-starved overnight. 

DNA/Lipofectamine complexes (1 :3) diluted in Opti-MEM media were formed by 

incubation at room temperature and added to cells for 24 hours. 

Following the incubation period, cells were washed with 1X PBS and either fixed 

for immunostaining, or lysed for confirmation of transgene expression by Western 

analysis. 
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Silenc1ng RNA experiments were carried-out using the transfection reagent, 

RNAiMax which was combined with 150ng of siRNA (TrxR1, CA-PKC8 and non

targeting siRNA) diluted in Opti-MEM media, and allowed to incubate for 20 

minutes. Non-Targeting siRNA was used as negative controls that were designed 

to have a min1mum of 4 mismatches to all bovine genes, and were confirmed to 

have minimal targeting by genomewide microarray analysis. Changes in mRNA or 

protein levels in cells treated with these controls reflect a baseline cellular 

response that can be compared to the levels in cells treated with target-specific 

siRNA. The siRNA/RNAiMax complex was then added to 80% confluent BREC 

and RPC cells which were serum-starved overnight 01fferent Incubation times (6, 

10 and 24 hours) were tested to determine optimal silenc1ng efficiency. Following 

incubation with siRNAIRNAiMax, the cells were washed with 1 X PBS and either 

fixed and processed for immunostaimng, or lysed for confirmation of gene 

knockdown by Western analysis 

Assessment of cell senescence was conducted using senescence-associated ~

galactosidase (SA-~-Gal) reactivity-based assay which stains SA-~-Gal-positive 

cells BREC transfected with huTrxR1 or siRNA for TrxR1 were fixed in a solut1on 

containing 2% formaldehyde and .2% glutaraldehyde in PBS. Cells were sta1ned 

using a kit which detects (3-galactosidase act1vity at pH 6 in cultured cells. B

galactosidase activity at pH 6 is present only in senescent cells and is not found in 

pre-senescent, quiescent or immortal cells. Cells were rinsed twice and incubated 
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with PBS and 1 ml of the p-Galactosidase Sta1ntng Solution (pH 6) at 3rC 

overnight in a dry incubator (no C02). Slides were covered using Fluoromount and 

images were captured 20X magmficat1on by light microscopy using Zeiss 

Axioplan2. Images were captured as 10 frames per well. Total amount of cells and 

cells positive for a blue color were counted in blind fash1on . The percentage of total 

amount of SA-p-gal positive cells was calculated by tak1ng the average of SA-P

Gal-positive (blue) cells versus the average of total number of cells. 

Cell Fractionation to isolate the cytosolic, plasma membrane, and nuclear 

compartments was conducted using ProteoExtract Subcellular Proteome 

Extraction Kit consisting in a stepw1se extraction technique result1ng in the isolation 

of distinct subcellular proteomes BREC were released from plates and spun down 

at 900 rpm for 5 minutes at 4 C Cell pellets were then resuspended in a wash 

buffer (provided in the kit), spun down again, and resuspended in lysis Buffer 

!{provided in the kit) . Following 10 minute incubation, the cell lysates were spun 

down at 6000 x g for 10 minutes at 4 C. The supernatant was collected as the 

cytosollc fraction. The rema1ning pellet was resuspended in lys1s Buffer ll (prov1ded 

in the kit) and incubated for further 10 minutes at 4 C Extracts were pelleted by 

centrifugation at 6000 x g for 10 minutes 4 C, the remaining supernatant was 
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collected as the membrane fraction. Pellet was then resuspended in Buffer Ill 

(provided in the kit) and incubated for 30 minutes at 4C The final supernant was 

collected following centrifugation at 10,000 x g for 20 minutes. This latter was 

collected as the nuclear fraction. 

Protein analysis 

Assessment of protein concentrations was estimated based on the Bradford 

method using the Bio-Rad DC method. To perform this assay, 20 Ill of Bio-Rad 

reagent S was added for each ml of reagent A to produce the "working reagent", 

A' Four diluttons of the protein standard, bovtne serum albumin (.1, .2, 5, and 1 

mg/ml) were prepared. Equal amounts of standards and samples were incubated 

in diluted reagent for 15 minutes at room temperature, followed by measurement 

of the opttcal density of each samples at 750 nm wavelength with a 

spectrophotometer (Beckman Coulter DU 640B spectrophotometer, Schaumburg, 

IL) Absorbance readings of the BSA standards were used to generate a standard 

curve, and concentrations of samples within the linear range were determined 

using the standard curve. 

Western blotting analysts was used to assess protein levels protein-protein 

interaction and protem post-translational modifications tn proteins extracted from 

control , aged and diabetic rat and human retinas. Retinal ttssue was homogenized 

in lysis buffer (20mM Tris, 2 5 mM EDTA, 1% Triton X-1 00, 1% deoxycholate, 0.1% 
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SDS, 50mM NaF, 10mM Na4P201, 2mM Na2V04, 1mM PMSF) Proteins (50~g) 

were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) us1ng a 4-20% gradient gel and transferred onto nitrocellulose 

membranes eletrophoretically. Western blotting was performed using specific 

antibodies (See Materials Section). After incubation with horseradish peroxidase

conjugated secondary antibody, bands were detected using the enzymatic 

chemiluminescence reagent ECL (GE Healthcare, Pittsburg, PA). 

Redox Western Blotting Separation of the redox forms of Trx1 was based on 

procedures developed by Holmgren et al [5]. Trx1 1s carboxymethylated in 

guanidine-Tris solution containing 50 mM Iodoacetic ac1d (IAA). After incubation in 

the dark at 37 oc for 30 mm, the excess of IAA was removed with MicroSpin G-25 

columns (Amersham Biosciences). Eluates were diluted in 5x sample buffer and 

separated on a non-denaturing, non-reducing polyacrylamide gel (5% stacking gel, 

15% resolving gel). Gels were electroblotted on a PVDF membrane and probed 

for Trx1 using a primary anti-Trx1 antibody (American Diagnostic, Greenwich, CT). 

After overnight incubation at 4 oc with the primary antibody the blots were 

incubated with a HRP-conjugated anti-goat secondary antibody followed by 

chemiluminescent detection on X-ray films. The intensity of the bands was 

determined by densitometric analysis using lmageJ. 
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Biotinylated iodoacetamide (SIAM) labeling Cells were lysed with a specific lysis 

buffer (SOmM Bis-Tris HCI, 0.5% Triton-X 100, 0.05% deoxycholate, 0.1% SDS, 

150 mM NaCI, 1 mM EDTA, leupeptin, aprotinin, and 0 1 mM PMSF) containing 

0.01 M biotin-iodoacetamide. Lysates were incubated for 10 minutes 1n the dark at 

37°C. At the end of the incubation, the labeling reaction was stopped by quickly 

adding iodoacetamide (lAM) to a final concentration of 5 mM. Biotin-labeled TrxR1 

was immunoprecipitated using anti-TrxR1 specific antibodies. Following SDS

PAGE and electrotransfer, the membranes were blotted with streptavidin-Aiexa 

Fluor 680 and analyzed by an Odyssey scanner to detect reduced, biotin-labeled 

(fluorescent) TrxR1 . 

Dephosphorylation Assay Phosphate groups were released from residues in 

proteins using calf intestinal phosphatase (1 unitlpg of protein)(New England 

Biolabs, Ipswich, MA). Retinal tissue was homogenized in urea lysis buffer (7 M 

urea, 2M thiourea, 4% CHAPS, 30 mM Tns-HCI, pH 8.8) free of EDTA and sodium 

orthovandate. Lysates were suspended in 1X NE Buffer 3 (100 mM NaCI, 50 mM 

Tris-HCI, 10 mM MgCI2, 1 mM Dithiothreitol pH 7 .9) at 25°C at a dilution of 1 f..lg/1 Oul 

and incubated at 37°C for one hour. 
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Determination of TXNIP phosphorylation 

TXNIP was immunoprecip1tated for 300!lg of fresh tissue lysates of rat and human 

post-mortem retinas using ant1-VDUP1 antibody (Invitrogen, Carlsbad, CA). 

lmmunoprecipitation products were eluted and run on a 10% polyacrylamide gel 

overnight. Bands were visualized by 5 minute incubation of the gel with 

Coommassie blue dye (Pierce) followed by 3 washes with deionized water. Gel 

slices were cut from the gel and reduced and alkylated by OTT and iodoacetamide, 

respectively. Gel slices were then dehydrated in aceton1tnle, digested with trypsin 

(500ng/slice) in NH4HC03 buffer (50 mM, 50 ~tllslice) overnight at 37 C. Trypsin

digested peptide samples were then ennched for phophopeptides us1ng the Ti02 

Phosphopeptide Enrichment and Clean-up Kit Samples were mixed with binding 

buffer (1 0% acetic acid), followed by add1t1on of sample mix (50 Ill) to SweiiGel 

D1sc (P1erce) resin . The remaimng sample-resin m1xture. whose pH was 

maintained below 3 5, was washed tw1ce in 50 ~~L of 0.1% acet1c acid, and tw1ce 

in 50 ml of 0 1% acetic acid, 10% acetonitrile. Phosphopeptides were eluted in 

elution buffer (50 ~tl , 100 ~~M ammonium bicarbonate, pH 9.0) after 5 minutes 

1ncubat1on. Eluted phophopeptides were analyzed by LC-MS/MS and MALDI-TOF

TOF (Michigan Tech University) to identify phosphopept1des 
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CDNA manipulation 

Plasmids expans1on Colon1es were isolated from smears obta1ned from bacterial 

stabs of plasm1ds received from a plasmid repos1tory Constitutively active PKC& 

in the form of naked DNA were the gift of Dr David Fulton. Stab cultures were 

made by inoculating bacteria into a vial containing LB agar w1th the appropriate 

antibiotic (TXNIP-GFP (kanamycin, 50 ~tg/ml), TrxR1 (kanamycin, 50~g/ml) . 

Colonies for TXNIP-GFP and TrxR1 were grown overnight at 37 Con agar plates 

containing 50pg/ml kanamyc1n. For naked PKC?i, 5 ~LI of DNA was transformed 

into E coli and grown on agar plates contaimng 63mpicillin (100mg/ml). 

DNA isolation To recover plasmid DNA, liquid Luria Broth (LB, 25g/L of deion1zed 

water) was stenhzed by autoclavmg and antib10t1c was added when the broth 

reached a temperature lower than 37°C Usmg a stenle pipette tip, a single colony 

of bacteria from the agar plate was inoculated in the liquid LB by swirling Bacterial 

cultures were grown for -16 hours at 37°C 1n a shak1ng incubator. Cultures were 

collected by centrifugation (5,000 x g) and resuspended 1n a solution buffer and 

lys1s solution from a MIDI Prep kit (Promega). Lysates were moved to an apparatus 

containing a binding column and a washing column Follow1ng the addition of a 

neutralization buffer, DNA was eluted from the binding column using nuclease-free 

water (600pl ) DNA concentration and purity was determined by reading the 
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absorbance at 260/320 nm using a spectrophotometer (Beckman Coulter DU 6408 

spectrophotometer, Schaumburg, IL). Validation of ISolation of target DNA was 

verified by shotgun sequencing (ACGT, Inc.) and analyzed using the sequencing 

da~base, Sequenche~ 

Site-Directed Mutagenesis Three variants of TXNIP presenting alteration in the 

serine phosphorylation site have been generated (Table 3). Site-directed 

mutagenesis of human TXNIP DNA (GenBank access1on number NM_006472.3) 

to convert Ser303-tAia , and Ser304-tAia was performed using the QuikChange 

site-directed mutagenesis kit (Stratagene ). The template DNA used for the PCR 

was the TXNIP gene sub-cloned into pcDNA3 (Invitrogen). PCR was carried out 

as per the manufacturer's instructions, for 12-16 cycles Dpnl restriction enzyme 

was added directly to each amplification reaction and incubated for 1 hour at 3rc 

to digest the parenteral (non-mutated) supercoiled dsDNA. After Dpn I cleavage, 

the PCR product was used for transformation of competent cells XL 1 blue 

(Stratagene ). Positive colonies were selected and verified by DNA sequencing to 

ensure the desired mutation, and no other random mutations were present. Point 

mutations are outlined in Table 3. 
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Table 3- TXNIP Point Mutations 

Read1011 AA Bponong Parent BponACGT Senne Ala none Poont mutauon 
Resodue sequence sequence- sequence- code code Locabons-ACGT 
on parent poont mutatoon mono prep sequence-mono 
sequence locatoon prep 

1 S298 1174-1176 1174-A ·G 933-935 AGC GCC 933-A~ G 
1175-G-C 934- G--+ C 

2 S300 1180-1182 118CH-G 939-941 TCT GCT 939-T -• G 

3 S303 1189-1191 948-A ·G 948-950 AGC GCC 948-A - G 
949-G • C 949-G- C 

• S304 1192-1194 951·A • G 951-953 AGC GCC 951-A~ G 
952-G ·C 952-G- C 

5 $311 1213-1215 972-A ·G 972 974 AGC GCC 972-A-G 
973-G • C 973-G- C 

Assessment of TrxS activity 

Trx1 Activity Assay The activ1ty of Trx1 was assessed by measuring the reduction 

of insulin disulfides by reduced thioredoxin in the presence of excessive TrxR and 

NADPH (as electron donor). Using the Thioredoxin 1 Activity Fluorescent Assay 

Activity Kit, we eliminated the recombinant TrxR prov1ded with the assay to 

determine the effect of only endogenous TrxR Using fresh tissue/cell lysate 

reduced P-NADPH was added to 100 ~tg of protein and incubated for 30 minutes 
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in the dark at 37°C. Once incubation was complete a fluorescent substrate was 

added, and the emiss1on at 520 nm after excitation at 480 was recorded over a 30 

minute time period. Changes in fluorescence intensity over time were determined 

using an equation derived from a standard curve 

TrxR1 Activity AssayTrxR1 activity was measured using an assay (Cayman 

Chemical, Ann Arbor, Ml) that measures the reduction of 5,5'-Dithiobis-(2-

Nitrobenzoic Acid) (DTNB) with NADPH to 2-nitro-5-thiobenzoate (TNB) in the 

absence and in the presence of aurothiomalate, a specific TrxR1 inhibitor. Protein 

extracts were incubated at 22°C with TrxR1 assay buffer (50mM potassium 

phosphate, pH 7 0, containing 50 mM KCI, 1 mM EDTA, and 0 2 mg/ml BSA). The 

react1ons were initiated by NADPH with DTNB and shaken for 10 seconds. The 

absorbance was measured at 405 nm once every minute. Samples were assayed 

in triplicates and measured at five time points using spectraMax Gemini EM. The 

rate of reaction was calculated using an extinction coefficient for DTNB of 6 35 

mM..., . 

Reactive oxygen species (ROS) and oxidative stress (OxS) assays 

H2DCFDA Assay: tissue sections Eyes from control , aging and diabetic rats were 

enucleated, placed in Optimal Freezing Temperature (OCT) mounting medium and 

frozen on dry ice Eyes were cryostat sectioned (101-Jm) perpendicular to retinal 

layer and analyzed at different locations along the vertical mend1an (22). Carboxy-
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H2HDCFDA (1 OJ..lM) was directly applied to frozen eye sections of retinas and 

oxidized to the fluorescent compound 2,7 -d1chlorofluorescein (DCF) to measure 

cellular oxidation by hydrogen peroxides and peroxynitrite. The fluorescence of 

DCF was measured and analyzed at 10 adjacent locations (200J..lm2) along the 

vertical meridian within 4 mm of the optic disk. The average retinal fluorescence 

intensity (10 fields/retina, n=6 in each group) was analyzed by fluorescence 

microscopy Zeiss Axioplan2. Quantification of the fluorescence area of retinal 

sections based on binary measurement are displayed as a bar histogram using 

lmageJ software. 

H2DCFDA Assay: live cells Approximately 1 x105 cells/ml were cultured in 48 well 

plates, serum-starved overnight and transfected with TXNIP Ser- A mutants for 

18 hours. Each well was incubated with 200 ~d of the ROS probe, H2DCFDA (1 0 

~M), for 60 min at 3rc. Cells were then washed with EBSS, and the fluorescence 

was measured in a Gemini Fluorescent Microplate Reader (Molecular Devices) in 

the "bottom of plate read" scanning mode at 480 nm wavelength excitation and 

em1ssion at 530 nm. 

DHE staimng Eyes from control aging and diabetic rats were enucleated, placed 

in Opt1mal Freezing Temperature (OCT) mounting medium and frozen on dry 1ce 

Eyes were cryostat sect1oned (10~m) perpendicular to retinal layer and analyzed 

at different locations along the vertical mend ian (22) Sect1ons were incubated with 
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the superoxide indicator dihydroethidine (OHE) /NAOPH mixture (2f.lM/1 OO~tM) for 

20 minutes in a 37°C C02 chamber Slides were then washed with PBS for 5 

minutes and immediately analyzed by fluorescence m1croscopy using Zeiss 

Axioplan2. The fluorescence of DHE was measured and analyzed at 10 adjacent 

locations (200 f.lm2) along the vertical merid1an within 4 mm of the optic disk. was 

quantified by fluorescence microscopy The average retinal fluorescence intensity 

(1 0 fields/retina , n=6 in each group) was calculated based on binary 

measurements displayed as a bar histogram using lmageJ software. 

Measurements of nttrotvrosine adducts Nitrotyrosine format1on was assessed by 

immunohistochemical analysis as described in the specific section (please see 

immunohistochemistry paragraph, page 62). 

L1pid Peroxidation Assay Hydroperoxide concentrations were measured using a 

quantitative extraction method (Cayman Chemical, Ann Arbor, Ml). Lipid 

hydroperoxides of retinal extracts (300 IJg) from control and diabetic retinas were 

extracted mto a degassed chloroform/methanol mixture Thiocyanate was utilized 

as the chromogen for detection of hydroperoxide interaction with ferric ions. 

Absorbance was read at 500nm us1ng spectraMax Gemini EM. 
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Morphological analysis 

Immunohistochemistry Eyes were enucleated, embedded in Opt1mal Cutting 

Temperature (OCT) mounting medium (Tissue Tek, Torrance, CA), frozen on dry 

ice and cryostat sectioned (1 O~tM) perpendicular to retinal layer and analyzed at 

different locations along the vertical meridian. Slides were fixed in 4% 

paraformaldehyde and covered with 1 X Powerblock for 1 hour (Fisher) to block 

non-specific binding. Fixed sections were then incubated overnight at 4°C with 

primary antibodies, rabbit anti-Trx1 (1 :500), rabbit anti-TXNIP (1 :500), rabbit anti

TrxR1 (1 .100), goat anti-4-HNE (1 :1000), mouse anti-nitrotyrosine (1 :50). Slides 

were washed with 1% Triton X-1 00 in 0.1 M PBS (pH 7 4) 3 times for 10 minutes 

each (1 .1000 dilution), followed by a 1 hour incubation with the secondary 

antibodies, goat anti-rabbit lgG-conjugated Alexa Fluor 488, goat anti-mouse lgG

conjugated Alexa Fluor 488 and sheep anti-goat lgG-conjugated Alexa Fluor 488 

Nuclei were stained using 5 minute incubation with Hoescht 33342 in (1 :24,000). 

Slides were mounted using Fluoromount. For co-labeling, select sections were co

incubated with respective antibodies and ant1-isolectin 84 to localize retinal 

vascular structures. Sections were examined by epifluorescence using a Zeiss 

Axioplan-2 m1croscope equipped with the Axiovis1on program (vers1on 4.7). 

Immunocytochemistry BREC were seeded on 2, 4 or 8-wells chamber slides. Prior 

to treatments. cells were switched to serum-free media overnight. The following 

treatments were performed for immunocytochemical analysis Incubation with NG 
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(5.5mM), HG (25mM), or PMA (1 mM for 5, 15, 30, and 60 minutes). Select BREC 

or Cos-7 seeded in chamber slides underwent lipofectamine-mediated transfection 

of constructs (Table 3). Following all treatments/transfections, chamber well slides 

were fixed in 4% paraformaldehyde and covered w1th 1X Powerblock for 1 hour to 

block non-specific binding. Fixed chamber slides were then incubated overnight at 

4°C with the following primary antibodies: rabbit anti-TXNIP (1 :500), mouse anti

GFP (1 :1 000), rabbit anti-cav1 (1 :500), rabbit anti-PKC8 (1 :250). Chamber slides 

were washed with 1%Triton X-100 in 0.1M PBS (pH 7.4) 3 times for 10 minutes 

each (1 :1000 dilution), followed by a 1 hour incubation with the following secondary 

antibodies: goat anti-rabbit lgG-conjugated Alexa Fluor 488, goat anti-mouse lgG

conJugated Alexa Fluor 488 and goat anti-rabbit lgG-conjugated Alexa Fluor 568. 

All secondary antibodies were applied at a dilution of 1.1000. Nuclei were detected 

by counterstaining cells with Hoescht 33342 1n (1 ·24,000) for 5 minutes. Following 

removal of chambers. and slides were mounted using Fluoromount. Slides were 

examined by epifluorescence using a Zeiss Axioplan2 microscope equipped with 

the Axiovision program (version 4.7). 

Measurement of /L-1/3 production 

Concentration of secreted, mature IL-1 13 was measured using an IL-113 solid phase 

ELISA k1t (R&D Systems). Two hundred microliters of media collected from BREC 

transfected with TXNIP SerP mutants and cultured with or without HG was 

immediately added to a 96-well microplate prov1ded 1n the kit. Controls, 1n 
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triplicates, media samples and 5 standards were incubated for 2 hours at room 

temperature. After 3 washes in the provided buffer, 200~tl of a conjugate reagent 

was added to wells and incubated for 2 hours A 20 minute mcubation with a 

substrate solution (200~L) was preceded by a 30 minute incubation with a stop 

solution (50~L). Microplates containing controls, standards and samples probed 

for IL-1 r~ were read at 450 nm with a wavelength correction setting of 540 nm. 

Statistical Analysis 

Statistical Analysis Group differences were evaluated using ANOVA and results 

were cons1dered significant when p<O 05 For 1n v1vo studies, age-matched 

controls were compared to diabetic rats (n = 6) Power calculations reveal that 

when n=6, the power value is above 0.9 with 50% differences in the treatment 

effects and a probability of error of 0.05. For in vitro studies, 4 dishes were 

prepared for each treatment group and each experiment replicated with at least 

two different batches of endothelial cells. Power calculations reveal that when n=4, 

the power value is above 0.9 with 50% differences in treatment effects and a 

probability of error of 0.05. 



CHAPTER Ill : Examination of oxidative stress parameters and 

Trx1 activity in the diabetic retina compared to the aging retina 

The overproduction of free radica ls has been linked to the pathology of both 

diabetic conditions and the degenerative-aging process of the retina [42, 59, 117]. 

The oxidative challenge seen in these pathologies could be a result of the 

imbalance between oxidant and anti-oxidant defense systems. Recent views on 

th1s "redox hypothesis" of oxidative stress suggest that disruption of antioxidant 

thiol circuitries, such as the Trx system, creates an imbalance in the cellular 

environment, rendering important signaling macromolecules susceptible to free 

radical-oxidative damage [57] . 

In this chapter, parameters of retinal oxidative stress were first compared 

analyzed in retinas of chemically-induced d1abetic rats (STZ-rats) and compared 

to retinas of aging rats (12 and 14 months old), as another model of increased 

ROS production. Control "normal" rats were normoglycemic SO rats between 3 

and 4 months of age. The functional un1t of the Trx system, Trx1 , was analyzed in 

these expenmental groups to determine whether changes in ROS production and 

permanent oxidative modifications were correlated with induced changes in the 

activity and express1on of Trx1 1n ret1nal tissue . 

72 
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Trx1 activ1ty was then assessed in vitro in BREC exposed to elevated glucose 

concentrations to determine the direct impact of hyperglycemia on Trx1 function in 

cells of the retinal vasculature, wh1ch are important target of diabetes 

ROS productton is higher in aqmq versus dtabettc retina 

We have analyzed aging and diabetic retinal frozen sections to determine 

whether age-induced and hyperglycemia-induced retinal ROS formation was 

comparable in these two conditions. ROS production was measured in retinal 

sect1ons of ag1ng (12 and 14 month old) and diabetic (2 and 4 weeks) rats using a 

superoxide anion (0 2·) indicator, dihydroethidium (DHE) (Figure 9, A-E). To detect 

the generation of hydroxyl radical adducts (peroxides peroxymtrite and other 

oxygen rad1cals). carboxy-H2-DCFDA, a cell permeable fluorescent probe, was 

ut1hzed (Figure 9,F-J). Pre-treatments of retinal sections with a SOD/catalase 

m1xture (Figure 9D and 1), were used to demonstrate spec1fic1ty of the react1on 

Fluorescence 1mages in Figure 9 (Figure98A-D and F-1) are representative images 

of control , aging at 12 months and 4 weeks diabetic Data from additional time 

points are not shown as images, but are shown in the bar histogram (14 months 

old rats and STZ-rats at 2 weeks of hyperglycemia) 

These two different ROS-detection approaches produced the same results 

In the diabetic rat retinas, hydroxyl radical formation and specific 0 2iorrnation 

Significantly increased as the t1me of hyperglycemia increased from 2 to 4 weeks 

(*p<0.05 vs. control 3 months rat retina, n=6, Figure 9E). There was also a 

significant increase 1n ROS production m the aging rats at 12 and 14 months of 
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age compared to the control 3 months old control rat retina (*p<0.05, n=6). No 

significant differences were observed between retinas of 12 and 14 months of age 

(Figure 9E). Most importantly, the DCF- and DHE-spec1fic fluorescence was higher 

in the ret1nas of 12 and 14 months old rats 1n comparison to the diabetic ret1nal 

tissue (#p<0.05 vs. 2 wk diabetic, 0 p<0.05 vs. 4 wk diabetic, n=6,F1gure 9E, J). 
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Figure 9 ROS generation in aging and diabetic retinas. Superoxide generation 
in control (A), diabetic (4 weeks, B) and 12 month old (C) rat retinas was 
determined by measuring the oxidation of dihydroethidine, which emits a red 
fluorescent signal. Retinal sections of diabetic retinas pre-treated with 
SOD/catalase were used a control for the reaction (D). Quantification of the 
fluorescence area of retinal sect10ns based on binary measurements are displayed 
as a bar histogram (E). The em1ssion of the oxidized carboxy-DCF (green), the 
oxidation product of 2.7-dich/orodihydro-fluorescem d1acetate, was detected in 
control (F), diabetic (G.) and 12 month old (H) rat retmas. Retinal sections of 
d1abet1c retinas pre-treated with SOD/catalase were used a control for the reaction 
(/) Quantification of the fluorescence area of retinal sections based on binary 
measurement are displayed as a bar histogram (J). Data from agmg rat retmas at 
14 months of age and 2 week diabetic rat retinas are a/so shown in the bar 
histogram (immunofluorescence acquisition not shown). Scale bar, 50 J..lm. x ±S.D. 
*p<0.05 versus contro/3 months rat retina, #p<0.05 versus 2 wk diabetic, 0p<0.05 
versus 4 wk diabetic, n=6. 
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Effects of aging versus hyperglycemia on permanent oxidative modifications. 

We have determined whether permanent lipid oxidative modifications were 

made as a consequence of unbalanced ROS formation m aging and diabetic retinal 

tissue (Figure 9). Measurements of aldehydic products of lipid peroxidation, 4-

hydroxynonenal (4-HNE), showed increased adduct formation within all retinal 

layers of diabetic rats (4 weeks diabetes) when compared to retinal sections of 

aging rats (Figure 10 A-B). A specific increase 1n fluorescence was detected at the 

level of the inner ret1nal vessels 1n diabetic rats at 4 weeks of hyperglycemia 

(Figure 108, white arrows). Levels of hpid peroxidation , determined by assessing 

hydroperoxides concentrations, were increased in STZ-rats at 4 weeks of 

hyperglycemia (*p<0.03 vs control3 months rat retina, n=6) (Figure 10E). In aging 

retinas, of 14 months old rats, we have detected a modest increase in 

hydroperoxides compared to control rats, however this value was significantly 

lower than that found in the diabetic retinas (0p<0.05 vs. 4 week diabetic, *p<0.03 

vs. control 3 months rat retina, n=6, Figure 1 OE). Lipid perox1dation was also found 

to be significantly increased in the retinal lysates of post-mortem human diabetic 

donors compared to control and aged donors (*p<O 05 vs. control donors, 0 p<0.05 

vs. DR donors, n=6, Figure 1 OF). 

In add1t1on to the measurements of lipid peroxidat1on we have also 

determmed the amount of nitrative-related protein modifications, assessed protein 

tyrosine nitrat1on in the different expenmental groups High glucose induces the 

product1on of peroxynitrite, a potent oxidant that is generated by the reaction 
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between NO and the superoxide an1on [118] The peroxynitnte anion is cytotoxic 

because it inhibits mitochondrial electron transport. oxidizes sulfydryl groups 1n 

protein, initiates lipid peroxidation without the requirement for transition metals, 

nitrates am1no acids such as tyrosine, modification that affects many signal 

transduction pathways [119]. We have assessed mtrotyrosine formations in 

control , aging and diabetic rat retinal sections (Figure 1 OC-0). No detection of 

nitrotyrosine deposits was observed in control retinal sections (data not shown). 

However, immunoreactivity to nitrotyros1ne was Increased in diabetic retinal 

sections when compared to aging retinas In particular, nitrotyros1ne formation was 

immunolocallzed to the vasculature of the inner retina (Figure 100, white arrows), 

as well as in the inner nuclear layer (INL) and the outer nuclear layer (ONL) in 

diabetic retinas (Figure 1 00) 

These results indicate that ROS and RNS product1on in aging ret1nas 

exceeded the levels detected in diabetic retinas. However, diabetic retinas showed 

higher permanent oxidative and nitrative injury (measured by lipid peroxidation, 

and nitrotyrosine adducts). Such a phenomenon directly implicates the effects of 

hyperglycemia on the molecular machinery involved in quenching and removal of 

oxidized and nitrated deleterious factors. One such mechanism is represented by 

the system of the thioredoxins. therefore, we have proceeded to perform a detailed 

analysis of this system in conditions of ag~ng and diabetes 
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Figure 10 Measurements of oxidativel nitrative permanent modifications. The 
production of the byproduct of lip1d peroxidation, 4-HNE (A-B), and nitrotyrosine 
formation (C-D) was determined by immunohistochemical analysis in aged (A and 
C) and diabetic retmal frozen sectiOns (B and D). Levels of hydroperoxide were 
measured m rat (E) and post-mortem human (F) retinas. Bar histogram is 
representative of measurements of concentration of chloroform/methanol 
extracted hydroperoxides m retinal rat tissues. Wh1te arrows indicate 
1mmunolocatization m inner retmal vasculature Control retmas = white bar; aged 
retmas=grey bar; diabetic retinas =black bar x ± S.D. *p<O 05 versus control 3 
month rat retmalcontrol donors. #p<0.05 versus 2 week diabetic, 0p<0.05 versus 4 
week diabetic/OR donors, n=6. 
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Total Trx1 protem levels are increased in aging and diabettc retinas. 

The Trx system is the central regulator of cellular redox homeostasis, and 

its activity may be affected by hyperglycemia. To determine whether this was the 

case we have analyzed the expression pattern and activity of the functional unit of 

the system, Trx1, in diabetic and aging retinas of rats and human post-mortem 

donors. Western blotting data, in Figure 11 A, showed that Trx1 was significantly 

1ncreased with age progression in 12 and 14 month old rat retinas ( *p<O.OS vs. 3 

months, #p<O.OS vs. 12 months, n=6). In addition , we have found a significant and 

time-dependent increase in Trx1 levels in diabetic retinas at 2 and 4 weeks of 

diabetes (*p<O 05 vs. control , 0 p<0.05 vs 2 wk diabetic, n=6) (Figure 11 B). Protein 

levels of Trx1 Increased in retinas of donors with DR and in aged donors that did 

not have documented climcal history of diabetes or retinopathy (Figure 11 C). 
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Figure 11 Expression and activity of Trx1 in rats and human post-mortem 
donors retinas. (A-C) Trx1 protein levels were determined by Western blotting 
analysis and quantified relative to {3-actin expression. Increased Trx1 protein levels 
were observed in both diabetic and aging retinas of rats (A and B) and human 
donors (C) Bar histograms are representattve of measurements of optical density 
of Trx1-spectfic tmmunoreactivtty. Band densities were measured using Image J 
and the obtamed values were subjected to one way ANOVA statistical analysts. 
Trx1 activity was measured in rat retmas (D) as well as m human donors (E) using 
an assay assessmg the rate of msulin reduction by Trx1 Control retinas = white 
bar. agmg retmas =grey bar. dtabettc retmas =black bar x ± S.D, *p<0.05 versus 
control 3 months retmas or human control retmas. #p<O 05 versus 12 months aging 
retma; 0p<0.05 versus 2 weeks dtabettc retma. n=6 
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Decreased Trx1 activity in the diabetic retma 

The enzymatic activity of Trx1 was also determmed using an assay which 

measures its ability to reduce insulin disulfide in the presence of ~-NADPH . This 

analysis revealed that Trx1 activity was strongly d1min1shed in retinal lysates of 

STZ-rats over time, whereas in aging rat retinas there was a pronounced increase 

(Figure 11 D). The same results were also found in retinal lysates of human post

mortem donors, where Trx1 activity was significantly diminished in diabetic 

samples and increased in aged donors (F1gure 11 E) Taken together, these results 

show that Trx1 act1vity is inhibited 1n diabetic conditions, but is augmented in the 

aging ret1na 

In addition to its reducing capacity, Trx1 regulates a number of redox 

signaling pathways by its interactions with factors which promote and/or inhibit 

downstream events in response to ox1dat1ve stress. For example, reduced, active, 

Trx1 interacts with the MAPK k1nase ASK-1 preventing its 

phosphorylation/activation , thus, halting downstream signaling events, including 

phosphorylation/activation of p38MAPK, lead1ng to stress-induced apoptosis [79, 

119, 120] In conditions of oxidative stress, oxidized Trx1 is unable to bind ASK-1 , 

which IS then released and promotes apoptosis [120] 

We have analyzed, by immunoprecipitation studies, the Trx1 /ASK-1 

complex format1on as an add1t1onal measure of Trx1 activity. We have observed 

that ASK-1 interaction w1th Trx1 was significantly reduced 1n STZ-rat retinas 

(Figure 12A) in comparison to both control and aging rat retinas (*p<0.05 versus 
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control 3 month rat retina/control donor, n=6, Figure 128), thus, suggesting a 

decrease in reduced, active, Trx1 in conditions of hyperglycemia, but not in 

association with aging . Reduced Trx1 /ASK-1 complex was also observed in the 

more relevant human post-mortem retinas of DR donors (*p<0.05 versus control 

donor, n=6, Figure 12C-D), thus, further supporting the hypothesis that TrxS 

function is compromised in the diabetic retina 
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Figure 12 Association of Trx1 with ASK-1 in the aging and diabetic 
retina Trx1/ASK1 complex formation was measured by co-immunoprecipitation in 
control. aged and dtabetic rat retinas (A) and also m human post-mortem retinas 
(C) Both rat and human retinas displayed decreased Trx1/ASK1 association in the 
diabettc retina. Graphs in B and D represent Trx1/ASK1 optical density. No 
reactivtty was observed to lgG A and C. *p<O 05 versus control 3 month rat 
retma/control donor, n=6 
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Hyperqlycemta mduces increased oxidation of Trx1 . 

Retinal endothelial cell death is a critical pathogenic event in the diabetic 

retina and may result from direct oxidative insult or by loss of pericytes [22, 121]. 

Immunohistochemical analysis revealed that Trx1, TXNIP and TrxR1 are localized 

in the retinal vasculature of diabetic retinas (4 weeks diabetic) (Figure 13). Positive 

immunoreactivity was also evident within neuronal and glial cells of the retina. 

Based on the localization in the vasculature and the observed decreased 

Trx1 /ASK-1 association only in the diabetic retinas, we have conducted 

experiments to determine whether exposure to high glucose levels was directly 

implicated in down-regulating the b1oava1lability of reduced, ~active", Trx1 in 

cultured bovine ret1nal endothelial cells (BREC) 

We have utilized a redox Western blotting technique which separates the 

reduced/active (Trx1 red) and oxidized/inactive (Trx1 ox) forms of Trx1 [61]. BRE cell 

were cultured for 72 hours or 5 days in medium containing 5mM D-glucose, (NG) 

or 25mM D-glucose (HG) and the celllysates where subJected to redox-Western 

blotting. The results showed that HG treatments promoted a significant decrease 

in Trx1 ttd form and a sigmficant increase in both OXIdized forms of Trx1 (Trx1 oxl 

and Trx1ox2) (Figure 14A) The rapid increase in inact1ve Trx1 in BREC 1n response 

to HG, suggests that hyperglycemic conditions alter endogenous antioxidant 

properties in the retinal endothelium. 
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Figure 13 

Trx1 TrxR1 TXNIP 

Figure 13 lmmunolocalization of Trx1, TXNIP and TrxR1 Frozen retinal sections 
of rat retmas were probed with ant1-Trx1 (A) , anti-TrxR1 or anti-TXNIP (green) and 
double labeled with isolectin 84 (red) to visualize blood vessels. Nuclei were 
labeled by counter staining with Hoescht 33342 (blue). Immunoreactivity to Trx1 , 
TXNIP and TrxR1 was localized in the retinal vasculature (msets, A. B. and C). 
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Figure 14 Redox state ofTrx1 in BREC exposed to HG Redox Western blottmg 
of BREC exposed to normal (NG, 5.5 mM) and h1gh glucose (HG, 25mM) showed 
increased levels of the OXIdized forms of Trx1 (ox1 and ox2) m hyperglycemic 
conditions (D) Graph represents measurements of optical densities of bands for 
reduced Trx1 (Trx1 oo) and oxidized Trx1 (Trx1 .. )lc1 and Trx1vx2) forms expressed as 
log base 10 



CHAPTER IV: Assessment of TrxR1 activity and role in 

hyperglycemia-induced retinal vascular injury 

TrxR1 is the rate-limiting enzyme involved in the bioavailability of reduced, 

active, cytosolic Trx1 . Despite its critical role in the maintenance of Trx1 

b1oava1lab1hty and function, the role of TrxR1 in the diabetic condition has been 

largely overlooked and understudied. Previous studies from our laboratory have 

shown that amyloid beta-mediated suppress1on ofTrxR1 activity is assoc1ated with 

substantial ret1nal cell death and neurodegeneration [48], thus, suggesting a cntical 

role for th1s enzyme in the maintenance of retinal tissue homeostasis 

The analyses ofTrx1 conducted 1n the diabetic and aging conditions, shown 

in Chapter 3, suggest that 1n the agmg retina ROS production is compensated by 

increased Trx1 activity and is protected against OxS. On the contrary, in the 

diabetic retina h1gher levels of OxS markers are associated with a significant 

reduction of Trx1 activity and an abundance of the oxidized, inactive Trx1. Based 

on these find1ngs it 1s logical to speculate that the bioava1lability of TrxR1, the 

enzyme responsible for recycling Trx1 back to an act1ve th1ol , may be altered 1n 

hyperglycemic cond1t1ons. 
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To test this hypothesis we have performed expenments to determine the pattern 

of expression and act1vity of TrxR1 in aging and diabetic models We have further 

determined the biolog1cal consequences of altering TrxR1 act1vity in retinal 

endothelial cells, which represents a major target of diabetes-induced retinal tissue 

InJury (22, 121]. In particular, we have assessed the effects of TrxR1 lack and/or 

gain of function on HG-induced premature cellular senescence in BREC, a 

phenomenon linked to both TrxR1 inhibition in stress conditions and diabetic retinal 

tissue injury Finally, we have also explored the potential mechanisms underlying 

hyperglycemia-induced alteration of TrxR1 function. 

Decreased TrxR1 activity m diabetic retinas 

TrxR1 is a cytosolic selenoenzyme that is responsible for the reduction of 

Trx1 to 1ts active form through the ut1hzat1on of NAD(P)H [72]. We sought to 

determine whether any changes occurred 1n the expression and/or activity of 

TrxR1 in the d1abetic milieu. We have also analyzed the activity of TrxR1 in relation 

to age progression in retinas of rats at 12 and 14 months of age as a strategy to 

determine whether any observed changes were spec1fic to the diabetic cond1t1on 

or rather a consequence of Increased ROS production 

Western blotting analys1s of ret1nal lysates, revealed that protein levels of 

TrxR1 were unchanged 1n all the experimental groups regardless of age 

progression or hyperglycemic state from either rat or human samples (Figure 15, 

A and C) 



89 

An assay of TrxR1 activity was performed to quantify the amount of reduced 

TrxR1 which in turn transfers electrons from NAD(P)H to Trx1 . Our results show 

an attenuatron of TrxR1 activity by almost 33 5±.2% in the diabetic retina (Figure 

158, *p<0.05 versus control 3 months rat retina, n=6) while the aging retina 

displayed a 66 7±.1% increase in TrxR1 activity (Figure 158, *p<0.05 versus 

control 3 months rat retina, n=6). While analyzing all retinas of diabetic donors we 

noticed a large variability of the results, therefore, we have analyzed separately 

drabetic donors with or wrthout documented clinrcal history of DR. The results 

appeared to be much more consistent and, interestingly, showed that TrxR1 

activity was significantly increased in aged donors and in diabetic donors with no 

DR, whereas TrxR1 activity was found to be significantly reduced rn retinas of 

donors with documented DR (Frgure 15D, *p<0.05 versus control post-mortem 

donors, n=6). 

The observed decrease in TrxR1 activity in the diabetic conditions and its 

clear association with DR led us to hypothesize that in the diabetic retina 

suppression of TrxS function involves loss of TrxR1 's enzymatic activity. 
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Figure 15 
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Figure 15 Protein levels and enzymatic activity of TrxR1 in diabetic and aging 
retinas. Panel A and C show quantification of TrxR1-spec1fic immunoreactivity, 
measured by immunoblottmg and normalized to {J-actin, m diabetic and aging rat 
(A) and human (C) retinas. Measures of Opt1cal Density (O.D.) of TrxR1 are 
represented m the bar histograms m Panel A and C Panel B and D show changes 
in TrxR1 enzymatic activity m retinas of agmg and d1abet1c rats (B) and in retinas 
of human post-mortem aged and diabetiC donors with and without DR (D). Bar 
histogram represents the reaction rate of the reductiOn of DTNB with NADPH to 
TNB due to TrxR1 . Activity of TrxR1 is expressed as A4os units (U= pmollmL) x 
1000/(min • pg protein). Control retinas = white bar; aging retmas = gray bar; 
diabetic retmas = black bar. x ± S.D, *p<O 05 versus control 3 months rat 
retmalcontrol post-mortem donor; #p<O. 05 versus 2 weeks diabetic/Diabetic 
without DR, n=6 
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Htqh glucose promotes inactivation and oxtdatton of TrxR1 in BREC 

To further investigate the mechanisms Involved in hyperglycemia-induced 

inhibition of TrxR1 activity, we have conducted experiments in retinal endothelial 

cells exposed to HG. BREC represent a simplified model to study the molecular 

mechanisms involved in HG-induced TrxR1 protein alteration. 

To determine whether the observed decrease in TrxR1 activity in the 

diabetic retina was detected at cellular level, the catalytic activity of TrxR1 was 

assessed in BREC stimulated with HG for 72 hours We have found that HG 

exposure significantly reduced TrxR1 activity without changes in protein level 

(Figure 16A-B, *p<O 05 versus NG, n=6), thus matchmg what we have observed 

1n the whole retinal tissue. 

TrxR1 reduces Trx1 by utilizing an electron from reduced NAD(P)H to 

reduce the thiols within its catalytic region. Therefore, the activity of TrxR1 is 

dependent on its redox state. To determine the redox state of TrxR1 , the reduced , 

active form of this enzyme was quantified us1ng a Qiotin-iodo.§.cetamide (BIAM)

Iabeling technique, which labels reduced , active TrxR1 immunocomplexes by 

using thiol reactive biotin iodoacetamide [61 ]. 

SIAM-labeling revealed that the reduced form of TrxR1 significantly 

decreased in HG conditions (Figure 10C) These data cntically link loss of TrxR1 

act1v1ty in the hyperglycemic milieu, with its permanence in an oxidized state. 
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Figure 16 Analysis of TrxR1 in BREC in response to HG. A) TrxR1 protein 
levels were assessed in BREC stimulated with NG, L-glucose (LG, iso-osmotic 
control) and HG (72 hours) . B) TrxR1 acttvity measured in lysates of BREC treated 
in the same conditions as in A. C) Redox state of TrxR1, assessed in BIAM-Iabeled 
cell lysates, followed by measurement of reduced, biotinylated TrxR1 by 
immunoprecipitatton with TrxR1 antibodies and tmmunoblotting with anti
streptavidm-Aiexa Fluor 680. NG/LG = white bars; HG = black bars. x ± S.D. 
*p<0.05 versus NG, n=6. 
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Loss of TrxR1 promotes premature cellular senescence 

lnduct1on of sub-toxic OxS IS known to induce premature cellular 

senescence through activation of the p53 pathway [90]. The loss of TrxR1 activity 

in hyperglycemia/diabetes can be associated with decreased antioxidant defense 

and may subsequently enable damage by uncontrolled, elevated levels of ROS, 

leading to premature cellular senescence and death. 

To examine this potential mechanism, BREC were subJected to HG 

following the knockdown of TrxR1 by s1RNA (Figure 17 A) It was found that 

successful knockdown of TrxR1 (shown in Figure 17 A) resulted in the significant 

up-regulation of the cell cycle 1nh1b1tor, p161nk4a (Figure 178, *p<O 05 versus NG, 

#p<0.05 versus HGnh, n=8), and in increased number of senescence-assoc1ated 

f\-galactosidase-posltlve (SA-p-gal) cells after 72 hours of HG st1mulat1on (Figure 

18, *p<O 05 versus NG, #p<O 05 versus HG12h, n=8) No changes in both of these 

senescence markers were observed in BREC transfected with non-targeting 

siRNA. These data confirm that blunting of TrxR1 activity contnbutes to 

accelerated senescence caused by hyperglycemia-induced redox 1mbalance 
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Figure 17 Effects of siRNA-mediated inhibition of TrxR1 on cellular 
senescence Panel A) lmmunoblot showmg Immunoreactivity for TrxR1 to confirm 
knockdown of this enzyme by transfection of BREC with siRNA. Panel B) 
lmmunoblotting assessing express/On of the senescence marker p 161NK4a whtch 
was measured m BREC cells after transfection with TrxR1 siRNA. Twenty four 
hours after transfection, the cells were treated with HG for 72 hours (HG72h). NG 
cond1t1ons and non-targeted siRNA (NT) were utiltzed as controls. NG = white bar; 
HG =black bar, stRNA =striped bar x ±S.D. *p<O 05 versus NG, #p<0.05 versus 
HG72h, n=B. 
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Figure 18 Effects of TrxR1 knockdown on HG-induced SA-fJ-gal expression 
in BREC. Cells were transfected with s1RNA specifiC for TrxR1 for 24 hours after 
wh1ch followed exposure to HG for 72 hours (HG1 ·1). NG conditions and non
targeted. siRNA were utilized as controls BRECs were subjected to SA-fJ-gal 
activity assay. A and B show light m1croscope 1mages of cells stained for SA-fJ-gal 
activity (blue. 20Xmagnificat1on) C) Bar histogram representing the percentage of 
SA-p-Gal positive cells versus the total cell number NG = white bar; HG = black 
bar, siRNA =striped bar. x ± S 0 , *p<O 05 versus NG, #p<0.05 versus HGnh, n=B. 
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TrxR1 overexpression prevents HG-induced expression of premature cellular 

senescence markers 

Based on the data, shown in Figure 17 and 18, blockade ofTrxR1 function 

in BREC, achieved by silencing RNA, promotes a significant increase in HG

induced expression of senescence markers (SA-P Gal and p161NK4a) Conversely, 

we hypothesized that overexpression of TrxR1 in BREC will inhibit the occurrence 

of the premature senescent phenotype caused by exposure to HG. 

To test this hypothesis, BREC were transfected with a cytomegalovirus 

(CMV)-dnven plasmid containing human TrxR1 (hTrxR1) and were exposed to HG 

for 72 hours As shown in Figure 19A, transfection efficiency was monitored by 

immunoblott1ng of TrxR1 in transfected BREC with or without HG treatment 

(*p<O 05 versus NG, #p<0.05 versus HG12h, n=8) This analysis showed more than 

two-fold induct1on in TrxR1 protein express1on in all conditions. We did not observe 

changes in TrxR1 expression when cells were transfected with empty vector 

(Figure 19A). 

As predicted, TrxR1 overexpression effectively blocked HG-promoted 

upregulation of p161"k4 a express1on (Figure 198, (*p<O 05 versus NG, #p<0.05 

versus HG1 n, n=8). In addition, overexpression of TrxR1 decreased the number 

of HG-mduced SA-p-gal positive BREC (Figure 20, *p<O 05 versus NG, #p<0.05 

versus HG72h, n=8). 
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These data together with the results obtained in the TrxR1 silencing 

experiments (Figure 17 and 18), demonstrate that alteration of TrxR 1 activity 

affects retinal endothelial cell senescence under hyperglycemic conditions, thus, 

further implicating this mechan1sm 1n the pathogenesis of hyperglycemia-induced 

retinal tissue injury. 
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Figure 19 Effects of TrxR1 overexpression on HG-induced p161NK4a in BREC 
A) Western blottmg demonstratmg TrxR1tmmunoreacttvtty in cells transfected with 
a CMV-driven plasmid containmg human TrxR1 (hTrxR1) or empty vector B) 
lmmunoblot showmg p161NK48tmmunoreactivity in BREC After transfectton. the 
cells were mcubated m HG for 72 hours and compared to cells not transfected or 
transfected with empty vector NG = whtte bar; HG = black bar BREC transfected 
= stnped bar x ±S.D. *p<0.05 versus NG. #p<0.05 versus HG72h. n=B. 
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Figure 20 Effects of overexpression of TrxR1 on HG-induced SA-f3-gal 
expression in BREC. Cells were mcubated m HG media for 72 hours (HGnh). 
Some cells were transfected with h TrxR1 and then treated with HG for 72 hours. 
At the end of all treatments BREC were subjected to SA-f)-gal activity assay to 
assess cellular senescence. Panels A and 8 show light microscope images of cells 
stamed for SA-f3-gal activity (blue cells, 20Xmagnification) Panel C shows bar 
histogram representing percentage of positive cells for SA-f)-gal positive cells of 
total cell number. NG = white bar; HG = black bar BREC transfected = striped bar. 
x ±S.D. *p<0.05 versus NG,#p<0.05 versus HG72h, n=B. 
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Effects of nitrat1on on TrxR1 activity m the hyperglycemic m11Jeu 

Inhibition of TrxR1 activity 1n the diabetic retina is not associated with 

changes 1n its expression levels, suggesting that hyperglycemia is likely to promote 

post-translational modifications of this enzyme Co-factor availability could be 

limited in the diabetic condition (decreased NAO(P)H bioavailability), however, the 

TrxR1 act1vity assay that we have used provides exogenous cofactors, thus 

overcoming this limitation.TrxR1 is a selenocysteme protein and oxidative 

modifications can markedly alter its function An earlier study [113] showed 

nitration of TrxR1 that was due to the overproduction of peroxynitrite (ONOO·) in 

endothelial cells as a result of eNOS uncoupling [119] ROS rap1dly inactivate NO 

leading to the formation of ONOO· The latter is a h1ghly reactive toxic oxidant 

capable of damaging many biological molecules, which may include TrxR1 

The effects of the peroxynitrite decompos1t1on catalyst 5,1 0,15,20-

tetrakis(4-sulfonatophenyl) porphyrinato iron Ill chloride (FeTPPS) [122] were 

examined to determine whether scavenging of ONOO prevents HG-induced loss 

of TrxR1 activity Scavenging of ONOO in both diabetic retinas and in BREC 

exposed to HG partially restored TrxR1 activity (Figure21A,*p<O 05 versus NG, 

#p<0.05 versus diabetes/HG72h, n=6) 

ONOO· production is enhanced in the diabetic retina and 1s associated with 

cytotoxic effects due to protein nitration [122-124] This molecular modification is 

enhanced in the hyperglycemic milieu and profoundly affects ret1nal cell survival 

and may affect TrxR1 activity [123, 124]. Based on the evidence that ONOO· 
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scavenging restores TrxR1 enzymatic activity, we postulated that a pro-nitrating 

agent would lead to a reduct1on in TrxR1 activity, mim1ck1ng the effects observed 

in HG In support of this hypothesis, evidence is provided in the literature showing 

that n1trat1ve stress enhances cytotoxicity by specifically attenuating the Trx system 

[125]. To determine the effects of direct nitration on TrxR1 activity, we treated 

BREC with the ONOO· donor 3-morpholinosydnonimine (SIN-1 ), which produces 

ONOO· via generation of NO and 0 2 ·[126]. As predicted, SIN-1 treatment resulted 

in -50% reduction in TrxR1 activity based on DTNB reduction (Figure 21 B, *p<O 05 

versus NG, #p<O 05 versus diabetes/HG1 , n=6) Collectively, the data show that 

ONQQ· signaling is an integral component of TrxR1 Inhibition. 
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Figure 21 Effects of anti-nitrating and pro/nitrating agents on TrxR1 activity 
in BREC A) activity of TrxR1 in lysates of normoglycemic, STZ, and Fe TTPS
treated STZ rat retmas (left, 10mg/Kglday, 1p ) and in BREC exposed toNG or 
HG stimulation before and after treatment with FeTTPS [100JLm (right)]. B) 
Companson of TrxR1 activity m BREC exposed to NG, HG (72h), or 24 hour 
incubation with SIN-1. NG = white bar; HG = black bar. Fe TPPS/SIN-1 = spotted 
bar. x ±S.D. *p<0.05 versus NG, #p<0.05 versus diabetes!HG72h, n=6. 
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Analvsts of TrxR1 nitratton 

The above findings on the inverse effects of ONOO scaveng1ng and ONOO· 

production on TrxR1 activity, may suggest that TrxR1 1s nitrated in conditions of 

HG/diabetes. We tested this poss1b1llty and carried-out immunoprecipitation 

expenments to assess TrxR1 immunoreactivity to anti-nitrotyrosine antibodies. 

These experiments showed TrxR1 cross reactivity with anti-nitrotyrosine 

antibodies 1n STZ-rats and human post-mortem DR donors, however because of 

the large variability among samples the observed differences failed to reach 

statistical Significance (Figure 22, bar histograms) 

Ev1dence of direct TrxR1 nitration in HG/diabetes is still mconclusive and 

the effects of ONOO scavenging/production on TrxR1 activity may not d1rectly 

Involve nitrat1on but could affect TrxR1 1nd1rectly by promoting its oxidation 
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Figure 22 Effects of diabetes on TrxR1 protein nitration. TrxR1 
immunoprec1pitat1on products were exammed for mtrotyrosine res1dues by 
immunoblottmg w1th ant1-nitrotyrosme (anti-NY) antibody in control and STZ-rat 
retmas and donors w1th and without DR. Significance differences were not found 
among groups 

AssociatiOn of TrxR1 with caveolin-1 m the diabetiC retina and in BREC exposed 
to HG cond1t1ons 

TrxR1 loss of function in the diabetic milieu is characterized by unaltered 

protein expression, but Significant inhib1t1on of its enzymatic activity (please see 

Figure 15) These effects were also associated with TrxR1 ox1dation. 

To further Investigate the causes of loss of TrxR1 enzymatic activity 1n the 

hyperglycemic milieu, we examined whether a recently discovered endogenous 

TrxR1 1nh1bitor, caveolin 1 (cav1) could be involved 1n this process. Cav1 is the 
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structural protein component of caveolae and serves as an Important regulator of 

caveolar proteins Including: endothelial nitric oxide synthase, NAD(P)H oxidase 

and others [127, 128] Increased cav1 expression has been linked to stress

induced premature senescence [127]. Furthermore, TrxR1 has been shown to 

possess a caveolin-binding motif (CBM) and it has been demonstrated that direct 

binding of TrxR1 to the scaffolding domain of cav1 is sufficient to block TrxR1 

enzymatic activity [91]. 

Based on this Information, we have Investigated further the specific 

relationship between cav1 and loss of TrxR1 induced by HG/diabetes. This was 

done by performing co-immunoprecipitatlon and immunocytochemical analyses. 

As shown in Figure 23A, HG but not NG resulted in increased immunoreactivity of 

cav1 in the TrxR1 1mmunoprecipitated fract1on, suggest1ng increased formation of 

cav1/TrxR1 protein complex Similar results were obtained in retinal lysates from 

STZ-rats at 4 weeks of hyperglycemia as opposed to retinal lysates from age

matched non-diabetic rats (Figure 238). Importantly, we have also found that cav1 

expression was increased in HG-treated BREC as well as in STZ-rat retinas at 4 

weeks of hyperglycemia. These data are in agreement with previously published 

work, demonstrating increased cav1 expression in retinal endothelial cells 

exposed to HG [129]. This study correlated altered gene express1on of cav1 with 

increased caveolae-mediated hyperpermeab1hty induced by HG [129]. Cav1 / 

TrxR1 association was evident by Immunocytochemical analys1s in BREC 

stimulated w1th HG for 72h and not in cells mcubated NG (Figure 23). Double 

labeling stud1es of BREC with cav1 and TrxR1 showed merging of immunolabeling, 
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an indication of co-localization, in response to HG, but not in NG Cav1 and TrxR1 

co-localization was particularly evident in cells presenting morphological sign of 

apoptosis as indicated by cell blebbing and nuclear 

hyperfluorescence/condensation (nuclei labeled with Hoescht 33342) (Figure 230, 

red arrow). 

In summary, HG/diabetes promotes the persistent association of cav1 with 

TrxR1 which appears to be correlated with increased expression of cav1 and 

increased oxidation of TrxR1 . Taken together, these data suggest that the effects 

of HG/diabetes on inhibiting TrxR1 activity could be partially due to its increased 

interaction with cav-1 which could alter its intracellular locahzat1on and potentially 

promote its oxidation. 
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Figure 23 

A BREC B Rat retina 

IP: Cav1 IP: Cav1 

[ --j 18: TrxR1 

'-- ... •" - 1 18: Cav1 

NG 

c 0 

' ' ·~ 
'-

i t . 
HG NG 

Figure 23 Effects of HG/diabetes on cav-1 and TrxR1 association. A and B 
show cav-1/TrxR1 co-immunoprecipation from lysates of BREC exposed to NG 
and HG for 72 hours (72h) (A), and lysates of control and STZ-rat retinas after 4 
weeks of hyperglycemia (B) . C Immunocytochemical analysis of co-labeled cav1 
(red) and TrxR1 (green) in BREC stimulated with NG or HG for 72h revealed cav-
1/TrxR1 co-localization, as shown by merging Immunoreactivity (yellow) only in in 
cells treated w1th HG and especially m injured, apoptot1c cells (red arrow). Nuclei 
were stamed using Hoechst 33342 (blue) Cells exposed to NG did not show 
mergmg s1gnals (C). 



CHAPTER V: Analysis of TXNIP post-translational modifications 

and their contribution to hyperglycemia-induced retinal damage 

TXNIP has been characterized as the negative regulator of the TrxS 

because of its ability to bind reduced (active) Trx1 , thus , limiting its bioavailability 

and anti-oxidant function [2, 130, 131]. The up-regulation ofTXNIP expression in 

several pathological conditions has been identified as a major factor contributing 

to reduced TrxS function and consequent OxS [2, 132, 133]. TXNIP gene 

expression is induced in hyperglycemia due to the presence of glucose responsive 

elements in its promoter region (1 01]. Enhanced TXNIP expression has been 

implicated in the pathogenesis of diabetes and its complications, including DR [64, 

99, 101 , 111 , 112, 134]. These studies prompted the notion that the regulation of 

TXNIP and its inhibitory function within the TrxS is solely attributable to the up

regulation of its expression. However, new insights on regarding the diverse, 

complex biological functions of TXNIP suggest that its regulation may involve other 

factors including post-translational modifications which could govern its 

intracellular redistribution, protein-protein interaction and protein degradation [97, 

114). The stud1es presented in this thesis have shown that HG and diabetes 

promote TXNIP phosphorylation at spec1fic senne residues. 

108 
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These newly identified post-translational modifications appear to affect 

TXNIP function in hyperglycemic conditions. This was shown by functional studies 

in which selective blockade of TXNIP serine phosphorylation (pSer) compromised 

its ability to capture Trx1 and inhibit its activity, thereby, limiting OxS in HG 

conditions. We have also found that other specific serine residues of TXNIP are 

phosphorylated under basal conditions and are not in the diabetic retina, 

underscoring the "regulated" nature of TXNIP act1vity in normal and pathological 

conditions. The finding of TXNIP post-translational modifications in hyperglycemic 

conditions could also be Important for the regulation and control of 1ts multiple Trx

independent activities In fact, as a member of the u-arrest1n superfamily, TXNIP 

has been identified as a scaffolding protein involved in nucleus-to-plasma 

membrane transport [80 135, 136]. Therefore, it is important to investigate the 

poss1ble effect of TXNIP pSer on 1ts intracellular re-distribution to determine 

whether th1s pSer is involved in 1ts role as u-arrest1n 

TXNIP has been recently identified as an activator of the inflammasome 

cascade. Th1s macromolecular complex functions as an activator of inflammation 

in response to metabolic stress Specifically the NLRP3-inflammasome is 

composed of the NOD-like receptor family, pyrin domain containing 3 (NLRP3), 

the CARD-containing protein Cardinal, the adaptor protein ASC, and caspase-1 

(104, 105] Activation of the NLRP3-inflammasome is crucial to the production of 

mature IL-113 A yeast two-hybrid screening identified TXNIP as a binding partner 
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of NLRP3 [104]. The induction of TXNIP express1on and the production of IL-1~ 

have been linked to the pathology of DR [137, 138]. 

We have investigated the role of TXNIP pSer in the context ofa putative 

regulatory role of TXNIP association with NLRP3 and the induction of the 

inflammasome cascade in hyperglycemic conditions. 

Increased TXNIP expression in aged and diabettc retinas and enhanced 

phosphorvlatton of TXNIP in diabetic retinas. 

We performed stud1es to analyze TXNIP expression pattern and post

translational modifications in STZ-rats and normoglycemic rats at 12 and 14 

months of age To further determine if the observed changes were relevant to the 

pathogenesis of human DR, we have analyzed human post-mortem retinas from 

diabetic and non-diabetic donors of different ages (please see the methods 

section) 

Western blotting analysis revealed that TXNIP expression was significantly 

up-regulated in rat retinas according to age progression. (*p<O 05 vs 3 months, 

#p<O 05 vs 12 months, n=6) (Figure 24A) Consistent with previous reports, we 

have also found that TXNIP expression was increased in retinas of STZ-rats after 

2 and 4 weeks of hyperglycemia and 1n retinas of d1abetic human donors (*p<0.05 

vs control 0 p<O 05 vs 2 week diabetic, n=6) (Figure 248-C). 
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More importantly, immunoblotting of TXNIP detected a band at the 

molecular weight of TXNIP 50k0a along with the addition of a band detected at 

52kda, the density of which was increased markedly under diabetic conditions and 

was almost not visible in aged or control rat retinas (Figure 24A and B, black 

arrows). The shift of TXNIP to a higher molecular weight in the diabetic condition, 

suggests the occurrence of post-translational modifications, a phenomenon that 

would justify the appearance of TXNIP-immunoreactivity at a slightly higher 

molecular weight. This same effect was also evident in human post-mortem retinal 

samples, as shown in Figure 24C, suggesting that similar and/or identical 

molecular modifications were occurring also 1n the human diabetic retina. 

Chronic exposure of BREC to HG (72 hours) confirmed the presence of the 

same profile of TXNIP immunoblotting, demonstrating that TXNIP post

translational modifications are directly associated with the exposure of retinal cells 

to elevated glucose concentrations (Figure 25A, *p<0.05 vs. NG). 

Identical results were obtained by analyzing TXNIP extracted from isolated 

retinal pericytes that were subjected to HG treatment for 72 hours (Figure 258, 

*p<0.05 vs NG), indicating that this modification is an event occurring in cells of 

the retinal vasculature. Due to the appearance of this altered blotting profile of 

TXNIP particularly in the diabetic retinas, we investigated the nature of these post

translational modifications of TXNIP 1n the diabetic condition. 
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Figure 24 TXNIP expression profile in aged and diabetic retina. Western 
blottmg analysis shows TXNIP specific ImmunoreactiVity m aged (A) and diabetic 
(B) rat retinas. C) lmmunoblotting of TXNIP from human post-mortem retinas of 
diabetic and control donors. The bar histograms mA-C represent measures of 
opt1cal density of TXNIP spec1fic-immunoreactiv1ty normalized to the housekeeper 

protein {J-actm. Molecular weight shifts m A and C are md1cated by black arrows. 
Control retinas = white bar, aged retmas = gray bar diabetic retmas = black bar. x 
± S 0 , *p<O 05 versus control3 months retma and control donors; 0p<0.05 versus 

2 weeks d1abet1c retina, n=6 
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Figure 25 

A B 

30 30 

25 * * 25 
0 0 
d-20 d-20 -c:·- c:;t: .,c: 

·- c: ~ ~ 15 ~ ~ 15 
~£ ~£ - tV z -1o - cv 
>< z -10 
~ >< 

5 
~ 

5 

0 0 
TXNIP TXNIP 

~-actin ~-actin 

NG LG HGnh NG LG HG72h 

Figure 25 Effects of HG on TXNIP expression profile in retinal vascular cells. 
Bovine retinal pencytes (RPC) (A) and bovme retinal endothelial cells (BREC) (B) 
were treated w1th phys10log1cally equivalent normal blood glucose levels (NG, 
5. 5mM 0-glucose) and excess1ve levels of glucose (25mM 0-glucose). Both RPC 
and BREC reached a peak response after 72 hours of HG Molecular weight shifts 
are indicated by black arrows.NG= white bar, HG =black bar x ± S.O, *p<0.05 
versus NG 
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TXNIP undergoes serine phosphorylation in the diabetic retina 

To investigate whether TXNIP was phosphorylated, we first tested whether 

or not treatments of the samples with calf intestinal phosphatase (CIP), an enzyme 

which catalyzes the removal of 5 · phosphate groups from tyrosine and serine 

residues, would cleave the 52k0a upper band observed in Figure 238-C. Digestion 

of retinal extracts with CIP significantly blunted the appearance of 52k0a band 

(Figure 26A, *p<O 05 versus control3 months old rat retina, p< 0.05 versus 4 week 

diabetes without CIP, n=6) 

The cleavage of the 52 kDa band by CIP demonstrated that the enzyme 

cleaved phosphate groups from TXNIP and blocked the appearance of a 52k0a 

band. This allowed us to demonstrate the occurrence of TXNIP phosphorylation , 

however more studies were necessary to determine whether serine, threonine or 

tyrosine residues underwent this modification. Two web-based analyses were 

performed examining the TXNIP structure . We noticed the frequent presence of 

serine clusters located in Important structural domains of TXNIP, such as the a

arrestin and the PPXY domains (F1gure 30) 

We, therefore, performed immunoprecipitat1on studies to verify TXNIP 

cross-reactivity with anti-phospho-senne (pSer) and anti-phospho-tyrosine (pTyr) 

antibodies . The results of this analys1s showed that in the diabetic state, TXNIP 
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was markedly immunoreactive to pSer antibodies which increased with the 

duration of hyperglycemia (Figure 268-C, *p<0.05 versus control , #p<0.05 versus 

2 week diabetic, n=6}. TXNIP-immunoprecipitates, obtained from control and aged 

rat retinas, did not react to pSer antibodies (Figure 268). No immunoreactivity was 

observed to pTyr antibodies in all the analyzed samples (Figure 268). 
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Figure 26 Calf intestinal phosphatase (CIP) dephosphorylation and pSer co
immunoprecipitation of TXNIP in rat retinas. A) Effect of incubation with CIP on 
TXNIP Immunoreactivity profile. Bar histograms represent measure of optical 
densities of upper and lower bands of TXNIP before and after CIP mcubation. B) 
Immunoreactivity to pSer and p Tyr antibodies in TXNIP immunoprecipitates. C) 
Bar histograms representing the opttcal denstty of pSer normaltzed to total TXNIP. 
Control retinas = whtte bar; aged retmas = gray bar; diabetic retinas = black bar. x 
± S.D, *p<O 05 versus control 3 month rat retma, p< 0 05 versus 4 week diabetic 
without CIP, 'p< 0 05 versus 2 week diabetic, n=6. 
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IdentificatiOn of TXNIP phospho-senne residues in the diabetic retina by mass 

spectrometry 

To confirm TXNIP post-translational modification by phosphorylation, 

TXNIP immunoprecipitation products from control and STZ-rat retinas, as well as 

human post-mortem retinas of donors with and without DR, were analyzed by 

mass spectrometry analysis (LC-MS/MS and MALDI-TOF-TOF). Our collaborator 

of the project, Dr. Wan Jin Jahng, performed trypsin-digestion of peptide samples 

enriched for phosphopeptides and eluted using a phosphopeptide elution buffer, 

according to previously published methods (Page 60) [139]. Figure 27 are 

representative mass spectrum graphs of human post-mortem retinas of diabetic 

donors (Figure 27 A} and non-diabetic control donor (Figure 278). 

Mass spectrometry analysis demonstrated that 8169, 8244 , 8249, 8298, 

8300, 8303, 8304, 8308, and 8311 of TXNIP were differentially phosphorylated 

in the diabetic retinas of control and STZ-rats (Table 4 ). Similar to these results, 

retinas of human control and DR donors were also found to have differentially 

phosphorylated TXNIP residues located at 823, 8169, 8249, 8244, 8298, 8300, 

8303, 8304, 8307, 8308 and 8311 (Table 5) 

Both control and diabetic retinas displayed SerP res1dues, therefore, we 

categorized the relative frequencies of the peptides modified by phosphorylation 

among each group (Table 4 and 5). We observed key differences among the 

identified SerP residues in terms of; a) whether the SerP occurred 1n control versus 
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diabetic groups; and b) the relative frequencies of 8erP occurring on each residue 

(Table 4 and 5). In particular, phosphorylation of 8298 was the most frequently 

occurring in the diabetic (rat and human) retinas 8erP of 8303 and 8304 were 

found to have lower frequencies, but were also exclusively found in the diabetic 

retinas (control and human) On the other hand, phosphorylation of 8308 and 8311 

revealed high frequencies in control (rat and human) retinas, but were not detected 

in diabetic retinas. Interestingly, energy stress, or low intracellular ATP production, 

Induces AMPK-dependent 8erP of 8308 has been recently shown to induces 

TXNIP degradation to increase glucose uptake [114] Our findings of a loss of this 

particular modification (8308) in the diabetic retina, along with the gain of multiple 

8erP at other residues, suggest that 8erP mediates the function of TXNIP in 

response to glucose elevation. 



119 

Figure 27 
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Figure 27 Representative mass spectrometry graphs. Peptides were enriched 
from TXNIP immunoprecipitation complexes from retinas of control and DR donors 
and subjected to LC/MSIMS analysis. Analysis identtfied the peptide sequence 
along with the specific sites of phosphorylated residues. 



120 

Table 4 TXNIP SerP sites in human post-mortem retinas. Relative frequencies 
of TXNIP phosphorylated serine residues in retinas of human donors. 
Modifications with the highest level of occurrence are highlighted in yellow. 

Control (human) Diabetic (human) 
Serine Relative frequency Relative frequency 

23 + 

169 + + 

244 + + 

249 + + 

298 +++ 

300 + 

303 + 

304 + 

307 + 

308 +++ 

311 +++ 
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Table 5 TXNIP SerP sites in rat retinas. Relative frequencies of TXNIP 
phosphorylated serine residues in retinas of control and STZ-rats. Modifications 
wtth the htghest level of occurrence are highlighted in yellow. 

Control (rat) Diabetic (rat) 
Serine Relative frequency Relative frequency 

169 + + 

244 + + 

249 + + 

298 +++ 

300 + 

303 + 

304 + 

308 +++ 

311 +++ 
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TXNIP SerP is involved m its interaction with Trx1 . 

A substantial number of studies have focused on the role of TXNIP as a 

negative inhibitor of the Trx8. We asked whether TXNIP 8erP regulates its ability 

to bind Trx1 in HG. Based on data obtained in Table 1 and 2, residues found to be 

phosphorylated only in diabetic conditions, 8298, 8300, 8303, and 8304 were 

replaced with alanine (8er-Aia point mutations) by site-directed mutagenesis 

(performed by the company ACGT, Inc.). We have found that Trx1 activity was 

Significantly decreased in cells overexpressing TXNIP-GFP and exposed to HG. 

Overexpression of TXNIP-GFP/8298A mutant showed same effect that the 

TXNIP-GFP w1ld type (Figure 28, first two stnped bars, *p<O 05 vs. EV; #p<0.05 

vs. EV +HGnh, n=8). However, transfect1on of BREC with all other mutants 

resulted 1n a partial, but significant, rescue of Trx1 activity (*p<0.05 versus EV; 

#p<0.05 vs. EV +HG12h; 0 p<0.05 vs. TXNIP-GFP in HG, n=8). The partial rescue 

of Trx1 activity in HG conditions strongly supports the hypotheSIS that specific 8erP 

modifications alter/regulate its function as regulator of active Trx bioavailability. 
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Figure 28 Activity of Trx1 in response to loss of TXNIP SerP in HG. 
Overexpression of TXNIP-GFP and a TXNIP-GFP/S299A mutant (circled) further 
lowered the HG-induced attenuation of Trx1 activity, but conversion of $301,$304, 
and S305 to alanine Jed to partial recovery of Trx1 activity observed in BREC 
transfected with an empty vector and exposed to HG (black bar, EV) . All cells were 
transfected with either an empty vector or with TXNIP-GFP to control for unwanted 
transfectJOn-related side effects. White bar= EV in NG, black bar = vector in HG, 
stnped bars= TXNJP-GFPITXNJP-GFP mutants in HG. x ± S.O, *p<0.05 versus 
EV, #p<0.05 versus EV +HGnh; 0p<0.05 versus TXNIP-GFP in HG, n=B. 
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Effects of TXNIP Ser-A/a mutants on HG-induced ROS production 

Because Trx1 is a major cellular protein disulfide that serves as an electron 

donor for enzymes (such as peroxiredoxins) which detoxify ROS and RNS from 

the cellular environment, Trx1 inhibition has been correlated with sustained 

increases in ROS and RNS levels [60]. Therefore, the observed changes in Trx1 

activity as a result of altered TXNIP SerP may lead to changes in detectable levels 

of ROS. 

To test whether the phosphorylation status of TXNIP could potentially 

contribute to HG-induced increases in intracellular ROS, BREC overexpressing 

TXNIP Ser- Aia mutants were exposed to HG and incubated with H2DCFDA probe 

to detect ROS generation. 

TXNIP-GFP overexpression followed by a 72 hour incubation with HG, 

resulted in a significant increase in ROS production in comparison to cells 

transfected with an empty EGFP-C1 vector (EV) in NG conditions (Figure 29, 

*p<O.OS vs. EV; #p<O.OS vs. EV +HGn h, n=8). Interestingly, the S298A (TXNIP

GFP/S298A+HG) was the only Ser- Ala mutation able to increase ROS 

production, in a pattern similar to TXNIP-GFP in HG (TXNIP-GFP+HG), showing 

that this point mutation had no effect on ROS production. All other mutations 

(S300A, S303A, S304A) resulted in blockade of HG-induced ROS production 

(*p<O 05 vs EV; #p<O.OS vs. EV +HG72h, n=8). A modest increase in ROS 

production occurred in the presence of these mutations (8301 A, S304A, S305A), 

however, this increase was not significant in comparison to controls [NG, vector 
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only (white bar)] . These findings show a potentially critical significant consequence 

of TXNIP SerP, as the loss of this modification at specific residues attenuates HG-

induced increases in intracellular oxidant formation, a key pathogenic event for 

DR. 

Figure 29 
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Figure 29 Effects of TXNIP SerP on ROS generation determined by H2DCFDA. 
Overexpress1on of TXNIP-GFP and a TXNIP-GFP /S298A mutant increased ROS 
levels in HG, but mutations of $301 , $300, $303, and $304 prevented the HG
induced ROS production. All cells were transfected with either an empty vector or 
one contammg TXNIP-GFP to control for transfect10n-related discrepancies in the 
assays. All cells were transfected w1th either an empty vector or one containing 
TXNIP-GFP to control for transfection-related d1screpanc1es m the assays. White 
bar= EV m NG, black bar = vector in HG, stnped bars = TXNIP-GFPITXNIP-GFP 
mutants in HG. x ± S.O, *p<0.05 versus EV; #p<O 05 versus EV +HGnh; 0p<0.05 
versus TXNIP-GFP in HG, n=B. 



TXNIP serine to alanine mutants display changes m HG-induced TXNIP 

intracellular localization 
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Under basal conditions, TXNIP is prevalently localized in the nuclear 

compartment. although can be also weakly detected in the cytoplasm. In conditions 

of oxidative stress and high glucose, TXNIP translocates from the nucleus to the 

plasma membrane. TXNIP intracellular redistribution may also lead to Trx1-

independent functions. such as scaffolding proteins from the nuclear compartment 

to the plasma membrane. Interestingly, this funct1on has been shown to be 

regulated by stress signals such as Poly-ADP-ribose polymerase 1 (PARP1) and 

affect more directly its role as an u.-arrestin in response to metabolic changes 

[135] Upon sequence analysis of TXNIP, we have found that the cluster of serine 

res1dues altered by phosphorylation in HG/d1abetes conditions were adjacent to 

the C-terminal arrestin domain (Figure 30, yellow). 

We wanted to investigate whether TXNIP SerP affected the translocation 

ofTXNIP-GFP in BREC. Immunofluorescence and cell fractionation , demonstrated 

that TXNIP is localized predominantly 1n the nucleus 1n untreated BREC (Figure 

30A) and in BREC overexpressing GFP-tagged TXNIP (Figure 31 B) and TXNIP 

SerP mutants (Figure 31 C-F). Exposure of non-transfected cells (Figure 31 G) and 

TXNIP-GFP overexpressing cells (Figure 31 G) to HG promotes th1s protein 

translocation from the nucleus to the cytoplasm and the plasma membrane. 
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TXNIP intracellular redistribution from its original nuclear localization did not occur 

in cells overexpressing the S298A mutant. TXNIP subcellular redistribution 

induced by overexpression of TXNIP-GFP and other serine to alanine mutants in 

response to HG treatment (as shown in Figure 31 J-L) are listed in Table 6. 
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Figure 30 Localization of serine residues in structural domains of human 
TXNIP TXNIP presents an N-terminal and a C-termmal arrestin domain. The latter 
contains a cysteine at position 247, which ts required for the interaction with Trx. 
At the C-termmal, TXNIP also presents two PPXY motifs, which are known to 
mteract wtth WW domains. The phosphorylated sermes, identified by mass 
spectrometry. are located in a cluster immediately ad;acent to the C-terminal 
arrestm domam. and upstream the PPXY motifs. 
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Figure 31 Effects of Ser- A/a mutants on TXNIP subcellular redistribution in 
response to HG. TXNIP intracellular localization was measured in BREC using 
immunofluorescence stainmg for TXNIP (A and G) and GFP (8-F and H-L). TXNIP 
intracellular red1stnbution was monitored in normoglycemic conditions (A-F) and 
after 72 hours of hyperglycemia (G-L) . 
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Table 6 Subcellular localization of TXNIP in BREC transfected with TXNIP 
SerP mutants Summary of results obtained from immunofluorescence and cell 
fractionation studies and assessing the effects of overexpression of TXNIP Ser to 
Ala mutants on tis intracellular redistribution in response to HG. 

NG HG 
Non-transfected TXNIP nu, cyto nu, cyto, PM 

TXNIP-GFP nu, cyto cyto , perinuclear mem, 
PM 

TXNIP-GFP/S298A nu, cyto nu, cyto 

TXN IP-GFP/S300A nu, cyto cyto, perinuclearmem, 
PM 

TXNIP-GFP/S303A nu,cyto cyto, perinuclear mem, 
PM 

TXNIP-GFP/S304A nu, cyto cyto, perinuclearmem, 
PM 



TXNIP S298A mutations result in decreased HG-mduced TXNIP/NLRP3 

activatton 
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Recent studies have shown that ROS-dependent redistribution of TXNIP 

facilitates activation of the NLRP3 inflammasome [104, 105]. However, the 

mechanism behind upregulation of TXNIP and increased NLRP3 activation is 

presently unknown. It has been proposed that either a) TXNIP is more available, 

thereby inducmg greater TXNIP-NLRP3 association or b) an unidentified 

modification induced by ROS facilitates TXNIP-NLRP3 interaction[79]. 

Based on the identification of TXNIP SerP, we proposed that this 

mod1f1cation may represent a potential regulatory mechanism in TXNIP/NLRP3 

interaction We have further investigated this hypothesis by analyzing the effects 

of overexpress1on of the different serine to alanine TXNIP mutants on its interaction 

with NLRP3 and 1ts ability to promote inflammasome activation in BREC exposed 

to HG (Figure 32). Co-immunoprecipitation studies were performed using anti-GFP 

to precipitate the GFP-tagged TXNIP, wild type and mutants. lmmunoblotting with 

anti-NLRP3 revealed that in NG conditions, TXNIP-NLPR3 interaction was 

diminished in all mutants, but S298A and S304A were notably less than that of 

S300A and S303A (F1gure 32A, p<O 05 vs TXNIP-GFP 1n NG, ~p<0.05 vs. TXNIP

GFP in HG) In HG conditions TXNIP-NLPR3 Interaction was drastically increased 

in cells overexpressing TXNIP wild type (TXNIP-GFP), but this association was 

decreased in all mutants (Figure 32A, p<O 05 vs TXNIP-GFP 1n NG, #p<0.05 vs. 

TXNIP-GFP in HG) Interestingly, in S298A the interaction was almost completely 
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blocked thus mdicating, that phosphorylation of each serine residues may have a 

distinct effect on the affinity of TXNIP to NLRP3 (Figure 32A, p<O.OS vs. TXNIP

GFP in NG, "p<O 05 vs. TXNIP-GFP 1n HG). 

Effects of 8298A mutation are of part1cular interest due to its lack of 

influence on R08 production or Trx1 activity, yet having a pronounced effect in 

TXNIP/NLRP3 binding. This suggests that the effects of phosphorylation at 8298 

in TXNIP do not affect its interaction with Trx1 , but specifically enhances the 

association of TXNIP with NLRP3. 8298 is located at the tail-end of the C-terminal 

u-arrest1n domain, therefore, these results suggest a possible structure/function 

relationship between TXNIP phosphorylation and the enhancement of its 

scaffolding function toward NLRP3 and its activity in promoting inflammasome 

induction. 
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Figure 32 Effects of TXNIP Ser •Ala mutants on TXNIP interaction with 
NLRP3 A) Bar histograms represents the tmmunoblotting results of TXNIP SerP 
mutants in NG conditions (white bars) compared to HG conditions (black bars) . B) 
Results of co-immunoprecipttation studies of GFP-tagged TXNIP using anti-GFP 
and tmmunoblottmg wtth anti-NLRP3 Whtte bars= NG, striped bar= HG x ± S.O, 

p<O.OS versus TXNIP-GFP tn NG, ~p<O. OS versus TXNIP-GFP in HG, n=6 
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TXNIP serme mutattons result in decreased HG-mduced IL-18production. 

NLRP3 complex assembly is initiated by TXNIP-NLRP3 association wh1ch 

leads to the auto-activation of caspase-1 . Activated caspase-1 in turn cleaves pro

IL-10 resulting in secretion of mature, active IL-1~ and IL-18 (104, 105]. This 

mature form of IL-10 has recently been shown to be involved in mitochondrial 

dysfunction and loss of retinal capillaries in the diabetic retina [63]. Because of the 

evolving role of this inflammatory cytok1ne 1n retinal InJury and the potential role of 

TXNIP pSer in interaction with NLRP3, we measured IL-1 r~ production in cells 

overexpressmg wild type and mutants TXNIP and treated with HG Incubation of 

BREC overexpress1ng TXNIP-GFP with HG (48 hours) resulted in a 28.6% 

increase in IL-1 ~ protein levels compared with cells incubated in NG (Figure 33, 

·p<0.05 vs TXNIP-GFP in NG, #p<0.05 vs TXNIP-GFP in HG) This effect was 

significantly diminished by overexpress1on of all TXNIP SerP mutants (Figure 33, 

p<0.05 vs. TXNIP-GFP in NG, #p<0.05 vs. TXNIP-GFP in HG) and, particularly, 

the S298A mutant 
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Figure 33 Effects of TXNIP Ser- A/a mutants on HG-induced /L-1 p production 

in BREC. /L-1 f3 concentration was measured in the media of BREC transfected 
wtth TXNIP SerP mutants in NG (white bars) and m HG (stnped bars). x ±S.D. 
*p<O 05 versus TXN/P-GFP in NG (A) and TXNIP-GFP m HG (B);.p<0.05 versus 
TXNIP-GFP in NG, 11p<0.05 versus TXNIP-GFP in HG, n=6. 
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TXNIP is a potential substrate of PKC 

Web-based sequence analysis [Prosite (www.expasy.prosite.org) and 

Protein Prospector (www.prospector.ucsf.edu)] revealed that the majority of the the 

serine phosphorylated in the diabetic conditions were located in well conserved 

and PKC-consensus sequences (Figure 34 ). Phosphorylation at these specific 

sites suggests the involvement of a putative kinase within the PKC family of 

kinases or downstream a PKC-dependent signaling cascade. 

Figure 34 
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Figure 34 TXNIP sequence analysis. Serine residues of TXNIP identified as 
phosphorylatiOn targets m the dtabetic mtlieu are located in a consensus sequence 
for PKC (yellow). 
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Table 7 Predicted functional sites of TXNIP SerP residues. Several serine 
residues whose phosphorylation status IS altered in diabetic rat and human retinas 
are predicted to be localized within a consensus sequence for PKC. Virtual 
proteomic analysis conducted using sequence scannmgl motifs tool found at 
www.expas; org 

Phospho 
residue 

Rat retina 5169 

5244 

5249 

5298 

5300 

5303 

5304 

308 

311 

Human retina 523 

5169 

5244 

5298 

5300 

5303 

5304 

5307 

5308 

5311 

Prosite 
prediction 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 

PKC 
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PKC activation leads to TXNIP phosphorylation and intracellular redistribution in 

BREC 

One of the molecular mechanisms med1atmg the adverse effects of chronic 

hyperglycemia on the vascular endothelium and the pathogenesis of vascular 

complications of diabetes, involves the act1vity of members of the protein kinase C 

(PKC) fam1ly of serine/threonine protein kinases [41] Hyperglycemia-promotes the 

activation of diacylglycerol (DAG)-dependent PKC isoforms such as PKC-alpha 

(PKCu ), PKC-beta1 /2 (PKCP1 /2), and PKC-delta (PKC6). of which activation has 

been associated with vascular alterations such as increased vascular permeability 

and contractility, enhanced extracellular matnx depos1t1on and induction of 

vascular Inflammation [41 ]. 

Our findings that hyperglycemia promotes phosphorylation of TXNIP at 

serine residues located in putat1ve PKC-consensus sequences warranted specific 

studies to address the question of whether TXNIP was a PKC substrate in the 

diabetic retina and, possibly, which isoform(s) was/were involved in this important 

molecular mechanism. 

As activation of PKC 1soforms by HG/d1abetes has been extensively 

demonstrated, we analyzed the effects of the PKC agonist phorbol myristate 

acetate (PMA) on TXNIP pSer formation in cells exposed to NG. BREC were 

stimulated with 100nM PMA for different time points (0,5, 30 and 60 minutes) and 

cell extracts were subjected to Western analys1s to assess TXNIP expression 

profile. Interestingly, PMA treatment promoted the appearance of a double-band 
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(black arrows) in TXNIP immunoblot similar to that observed in HG/diabetes 

models (Figure 24-25). In addition, immunocytochemical analysis showed that 

PMA and HG altered TXNIP intracellular localization in a similar manner by 

promoting its redistribution to the cytosol and plasma membrane from its original 

nuclear localization (NG) (Figure 358-0). 
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Figure 35 
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Figure 35 Effects of PKC activation on TXNIP blotting profile and intracellular 
redistribution. BREC were treated with PMA (1 OOnM) for 0, 15, 30 and 60 
minutes. Shifts in TXNIP motility on SOS-PAGE (4-20% gel gradient) were 
determined by Western blotting (A). 8-actin was used as loading control. 
Immunocytochemical analysis of BREC following treatments with PMA (30 
minutes, C) or HG (72 hours, D) revealed that PMA and HG promote TXNIP 
translocation to the plasma membrane as it oppose to the nuclear localization 
displayed in basal, NG, conditions (8 ). 



The redox-sensttive PKC6 isoform ts associated with TXNIP m HG/diabetes 

conditions 
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As PMA activates both classical and non-conventional PKC subfamilies 

[140]. we have performed studies to identify the specific PKC isoform involved in 

TXNIP pSer in the diabetic milieu. 

Co-immunoprecipitation analysis was carried-out to investigate TXNIP 

protein-protein interaction with different DAG-dependent PKC isoforms (Figure 

36A,B). Particular attention was given to PKC delta isoform (PKCo) as this enzyme 

is both DAG- and redox-sensitive, and 1ts activity has been implicated in the 

pathogenesis of DR. We have taken advantage of a number or commercially 

available reagents for analyzing act1ve and inactive PKC isoforms. We have 

assayed TXNIP interaction with act1ve PKC isoforms by immunoblotting TXNIP 

immunoprecip1tates with antibodies antiphospho-(active)-PKC isoforms 

Upon examining TXNIP association with the activated isoforms phospho

PKCu, phospho-PKC8 and phospho-PKC1: (Figure 36A,B), it was determined that 

an interaction existed only between TXNIP and phospho-PKC8 (pPKCo) (Figure 

36) TXNIP assoc1ation with activated PKC8 (pPKC8) was Identified in both BREC 

exposed to HG (Figure 36A) and 1n STZ-rat ret1nas (Figure 368) in comparison to 

their respective controls 
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These findings are also consistent w1th the previously reported PKCo redox 

sensitivity and glucose responsiveness (49] Furthermore, recent studies have 

emphas1zed PKCo role in promoting many vascular abnormalities in the diabetic 

retina [54, 55] and in augmenting cell death and cell cycle arrest in endothelial cells 

exposed to HG conditions [55]. 
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Figure 36 
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Figure 36 Interaction of PKCo isoform with TXNIP. TXNIP immunoprecipitates 
were tested for Immunoreactivity to pPKC8 (active), pPKCt· (active) and 
pPKCa (act1ve) m BREC exposed to HG for 72 hours (A) and in STZ-rat retinas 
at 4 weeks of hyperglycemia (C) Bar histograms m B and D represent the 
immunblottmg results of positive ImmunoreactiVIty to pPKCc5 of A and C, 
respectively Wh1te bars = NG!control 3 month rat retina, black bars = HG/4 weeks 
diabetic rat retma. x ± S 0, p<O 05 versus NG/control, n=6. 
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Effects of PKC6 loss/gain of function on HG-induced TXNIP phosphorylation 

To further characterize the role of PKC6 in promoting TXNIP 

phosphorylation, we sought to examine the effects of PKCo inhibition on TXNIP 

phosphorylation in BREC and retinal pericytes (RPC), which are another cell target 

of diabetes in the retinal vasculature. 

Transfection with PKC8 -specific siRNA, followed by exposure to HG for 48 

hours, resulted in loss of the shift in TXNIP migration on the SDS-PAGE in both 

BREC (Figure 37A) and RPC (Figure 378) (*p<O 05 vs NT, #p<0.05 vs NG, n=8). 

This shift, however, remained evident when cells were transfected with non

targeted s1RNA and exposed to HG (Figure 37 A and 8 ). 

To further investigate PKC6 involvement in TXNIP phosphorylation, we 

have exam1ned the effects of over-expressing a constitutively active form of 

PKCo (CA-PKC6) on TXNIP post-translational modifications. We obtained a 

mammalian expression vector expressing a PKC6 1soform bearing a myristoylation 

domain from the oncogene cSrc from Dr David Fulton (Vascular Biology Center -

GRU). The Src myristoylation insertion conferred this mutated PKCo the ability to 

be constitutively associated to the plasma membrane. thus constitutively active. 

Transfection of BREC with CA-PKCo resulted in the up-regulation of 

phosphorylated (active) PKC6 (pPKCo) demonstrating transfect1on efficiency 

(Figure 37C upper panel). lmmunoblotting analysis revealed that transfection of 

BREC w1th CA-PKCo (F1gure 37C middle panel) promoted TXNIP shift to higher 
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molecular weight, effect that was not found in cells transfected with empty vector 

(EV) or not transfected (37C, black arrows). lmmunoblotting with anti-~-actin was 

conducted to verify equal loading in all the experimental groups (Figure 37C lower 

panel). 

In summary, in retinal vascular cells exposed to the hyperglycemic milieu, 

active PKCo (pPKCo) formed a complex with TXNIP and its expression was 

required for the occurrence of TXNIP phosphorylation In addition, overexpression 

of constitutively active PKCcS (CA-PKCo) promoted a sh1ft in TXNIP mobility (gain 

in molecular weight) suggestive of TXNIP phosphorylation. These data suggest 

that TXNIP pSer in hyperglycemic conditions is a downstream effect of PKC cS 

activation in HG/diabetes. 
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Figure 37 Effects of PKCo loss/gain of function on TXNIP phosphorylation. 
Western blotting shows increased TXNIP immunoreactivity and appearance of an 
upper band m response to HG exposure (72 hours) in BREC (A) and 48 hours in 
RPC (B). Transfection of both cell types w1th siRNA for PKCc5 blocked TXNIP shift 
to the h1gher molecular weight band in response to HG, Transfection of the cells 
with not targeted siRNA (NT) or the NG condit1ons showed TXNIP shift to the 
higher molecular weight band. *p<O.OS versus NT, 11p<0.05 versus NG, n=B. C) 
lmmunoblot showmg PKCi5 overexpress1on ach1eved m BREC Construct of PKCi5 
bearmg a SRC-myristoylation site (CA-PKC<)) , were overexpressed in BREC. 
Transfect1on of th1s constitutively actiVe PKC<'i mutant promoted TXNIP shift to 
h1gher molecular weight suggestive of the occurrence of phosphorylatiOn (black 
arrows) p<O 05 n=B. 
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TXNIP ts a direct substrate of PKC& 

The observed effects of PKC& ga1n/loss of function on TXNIP 

phosphorylation would that this protein is a direct substrate of PKC&. To determine 

whether PKC8 directly phosphorylated TXNIP, we performed experiments to 

assess the effects of overexpressing the constitutively active form of PKCo (CA

PKC&) along with a construct containing GFP-tagged TXNIP in COS-7. 

Lipofectamine (LF)-mediated co-transfection was employed to overexpress 

a TXNIP-GFP fus1on protein with a constitutively active PKC& (CA-PKC8) in COS-

7 cells COS-7 cells were chosen as tool to venfy protein-protein interaction. 

Twenty-four hours after transfect1on, immunoprecipitat1on studies were conducted 

using anti-GFP as precipitating antibodies for transfected TXNIP-GFP (Figure 

38A) and anti-activated PKCo substrate as immunoblott~ng antibodies which are 

reactive to activated PKC8 substrates (Figure 388). Table 5 describes the 

predicted outcomes confirming PKCiS direct phosphorylation of TXNIP. 

Transfections with an empty vector were used as negative controls for unwanted 

non-specific effects of the transfection reaction. Both constructs were successfully 

transfected after 24 hours, as seen in the increase in the expression of each 

transgene in companson to cells transfected with empty vector. 

As predicted in Table 5 in cells co-transfected with TXNIP-GFP and CA

PKC& 1mmunoprecipitation with anti-GFP resulted 1n increased immunoreactivity 

to activated PKC& substrates when compared to cells transfected with TXNIP-GFP 
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alone (Figure 388) Taken together, these data confirm the hypothesis that TXNIP 

is a direct substrate of PKC&, thus TXNIP pSer in HG/diabetes conditions is a 

process directly consequent to PKC& activation. 
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Table 8 Predicted outcomes of TXNIP-GFPICA-PKCc'i co-transfections in COS-7 
cells. 

-
TXNIP-GFP TXNIP-GFP/CA-PKCo 

Anti-GFP 

Anti-PKCo 
activated substrate 

Figure 38 
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Figure 38 TXNIP/PKCo interaction in TXNIP-GFPICA-PKCotransfected cells. 
COS-7 cells were transfected with TXNIP-GFP alone, TXNIP-GFP and CA-PKCi5 
together or empty vector. GFP-tagged TXNIP were prectpttated wtth anti-GFP 
antibody. resolved by SDS-PAGE, and tmmunoblotted to test for reactivity with an 

antibody for PKC8 acttvated substrates (8-C) Comparative analysis of bands 
postttoned at -75k0a the molecular weight corresponding to TXNIP fused with 

GFP, showed that PKCS-acttvated substrate antibody was tmmunoreactive in 

TXNIP-GFPICA-PKCc> immunocomplexes (C) Cells transfected wtth TXNIP-GFP 
alone also showed reacttvity, but to a lesser extent Thts effect was not found in 
cells transfected wtth empty vector. 



CHAPTER VI : SUMMARY 

Loss of endogenous antioxidant ability plays an important role in the 

pathogenesis of DR, a leading cause of blindness worldwide The major goal of 

the studies presented here was to investigate the molecular mechanisms involved 

in the impairment of the endogenous antioxidant system of the thioredoxins, as 

this 1s a central regulator of cellular redox homeostasis and its activity is 

significantly impa1red in the diabetic retina. 

In particular, we have stud1ed post-translational modifications of TrxS 

components, as the occurrence of these modifications is altered in the diabetic 

cond1t1on and could significantly contribute to retinal vascular damage and 

progression to OR. 

We have conducted a series of analyses to address the following aims: 

Aim 1 Examine OxS parameters in the diabetic ret1na in comparison to 
aging retina and determine the effects on the functional unit of the 
thioredoxin system, Trx1 . 

Aim 2 Determine whether changes in TrxR1 function is linked to oxidative 
ret1nal damage in HG/diabetes 

Aim 3 Determine whether post-translational modifications of the Trx System 
1nh1b1tor. TXNIP are linked to OXIdative retinal damage 1n HG/diabetes. 

150 
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A1m1 was first addressed by performing a comparative analysis of levels of 

different OxS parameters measured in the retinas of chemically-induced diabetic 

rats (STZ-rats) and aging rats (12 and 14 model) where ROS production is known 

to be elevated. We concluded that despite the observation that an increase in 

ROS formation (DCF and DHE measurements) in the aged retinas exceeded that 

measured in the diabetic retinas, the consequence of oxidative and nitrative retinal 

injury (lipid peroxidation, and nitrotyrosine adducts) were found to be much higher 

in the diabetic retinas (Figure 9 and 1 0). The functional unit of the Trx system, 

Trx1 , was analyzed in these two models to determine whether changes in ROS 

production and the occurrence of permanent oxidative modifications were 

correlated with induced changes in the activity and express1on of Trx1 in retinal 

t1ssue. We found that Trx1 protein levels were increased in diabetic retinas and, 

on the contrary, 1ts activity was significantly reduced (Figure 11 and 12). On the 

other hand, increased expression of Trx1 in aging retinas matched the activity, 

which was augmented (Figure 11 and 12). These data were confirmed in human 

samples, underscoring the relevance of this mechanism for human DR. We 

inferred that mechanisms other than modulation of Trx1 protein expression are 

involved in its dysfunction in the diabetic condition. These mechanisms may 

involve Trx1 persistent permanence in an oxidized "inactive · state. 

Trx1 activity was then assessed in vitro in BREC exposed to high glucose 

for 72 hours in order to determine the effects of HG on Trx1 function 1n cells of the 

retinal vasculature, which are Important targets of diabetes. A cell-based simplified 

model to test hyperglycemia effects on Trx1 allowed us the use of special 
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techniques to directly assess Trx1 oxidized/reduced state in response to HG. The 

results of this analysts showed that HG promoted an increase 1n oxidized "inactive" 

Trx1 (Trx1 ox) form and abolishment of the reduced "active" form of Trx1 (Trx1 red) 

(Figure 14 ), which explained its loss of activity and function in HG These results 

directly implicated thioredoxin reductase activity in this process and served as 

rationale for the studies described 1n the next chapter. 

Experiments conducted in Chapter IV sought to address Aim 2 by first 

assessing the pattern of expression and activity of TrxR1 in aging and diabetic 

models Results showed that TrxR1 activity decreased in d1abetic tissues of STZ

rats and donors with DR (Figure 15). Aging models, however. displayed enhanced 

TrxR1 activity (Figure 15). Analysis of TrxR1 m vitro 1n BREC exposed to HG for 

72 hours showed an attenuation of TrxR1 activity and loss of SIAM-labeled active 

TrxR1 (Figure 16) as consequence of enhanced oxidat1on 

We then assessed the effects of lack and/or gain of TrxR1 funct1on on HG

induced premature cellular senescence, a phenomenon linked to both TrxR1 

inhib1t1on in stress conditions and diabetic retinal tissue injury. Effective blockade 

of TrxR1 express1on by siRNA led to the enhancement of the senescence markers, 

SA-0-gal and p 161
NK

4a in BREC challenged with HG (Figure 17 and 18 ). T rxR 1 

overexpression resulted in the opposite effect, successfully blocking the HG

induced expression of these senescence markers (Figure 19 and 20} These data 

confirm that blunting of TrxR1 activity contributes to accelerated senescence 

caused by hyperglycemia-induced redox imbalance. 
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Finally, we have also investigated the potential mechanisms underlying 

hyperglycemia-induced alteration of TrxR1 inactivity. Increased formation of 

peroxynitrite (ONOO-) in the intracellular env1ronment of endothelial cells in 

diabetic conditions 1s a direct result of eNOS uncoupling Peroxynitrite is a highly 

reactive oxidant that promotes both nitration and oxidation of several molecules, 

which may include TrxR1. To confirm this hypothesis, we have found that the 

ONOO decomposition catalyst, FeTTPS, partially rescued HG-induced inhibition 

of TrxR1 activity, while the nitrating agent, SIN-1, mimicked the effects of HG by 

lowering TrxR1 activity (Figure 21 ) Data address1ng whether TrxR1 was modified 

by nitration due to ONoo- formation in the cellular environment was mconclus1ve 

(Figure 22). 

We then tested whether TrxR1 loss of activity was attributed to interactions 

with a recently discovered inhibitor of the enzyme, cav-1 . We observed an increase 

in cav-1/TrxR1 interaction, suggest1ng a potential inhibitory role of cav-1/TrxR1 on 

TrxR1 activity in the diabetic retina (Figure 23) Diminished TrxR1 activity could be 

partially due to its mcreased interaction with cav-1 wh1ch could alter its intracellular 

localization and potentially promote 1ts oxidation, possibly in the caveolar domain. 

To address Aim 3, we initially compared TXNIP expression in the tissue of 

aging and diabetic retinas to evaluate whether any modification occurred 

specifically in the diabetic milieu (Figure 24 ). The major finding presented 1n 

Chapter V was the determination that HG and diabetes promotes TXNIP 

phosphorylation at specific serine residues (Figure 25, Tables 4 and 5). Through 

mass spectrometry analysis, it was determined that residues 8298, 8300, 8303, 
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and S304 of TXNIP underwent SerP in the diabetic retina (STZ-rats and human 

post-mortem retinas of diabetic donors) (Table 4 and 5). It was also revealed that 

a loss of SerP occurred at S308 and S311 in the diabetic retina. 

Functional studies were conducted to selectively block TXNIP serine 

phosphorylation (pSer) at S298, S300, S303 and S304 using TXNIP-GFP 

constructs with these serines replaced by alanines Overexpression of the TXNIP 

mutants S300A, S303A. and S304A in BREC exposed to HG resulted in a) 

restoration of Trx1 activity; b) significant decrease in ROS levels; c) attenuation of 

TXNIP/NLRP3 complex formation, d) attenuation of HG-1nduced IL-1~ production 

(Figures 28-31 ). Particularly interesting were the data obtained with the S298A 

mutant which showed more striking effects 1n abolishing HG-induced 

TXNIP/NLRP3 complex formation and production of IL-1 p and without affecting 

TXNIP interaction with Trx1 and ROS production . Immunocytochemical analysis, 

further revealed that the S298A mutation blocked HG-induced translocation of 

TXNIP from the nucleus to the plasma membrane, suggesting that this SerP is 

potentially Involved in the regulation of TXNIP u-arrestin functions (Figure 31 ). 

These data demonstrated the functional significance of TXNIP regulation by 

phosphorylation on serine and prompt our interest on the investigation of the 

kinase(s) involved in this relevant molecular process. 

Using virtual proteomics. we have observed that hyperglycemia promotes 

phosphorylation of TXNIP at senne residues located in putative PKC-consensus 

sequences. Expenments were conducted to test whether a PKC agon1st affected 



155 

TXNIP SerP. These experiments showed that PMA treatment promoted TXNIP 

SerP (Figure 35 ). It was also determined that an interaction existed only between 

TXNIP and the active (phosphorylated) form of PKC6 (pPKCo) (Figure 36). 

Furthermore, transfection with PKCo-spec1fic siRNA blunted HG-1nduced TXNIP 

phosphorylation in BREC and RPC. Conversely, overexpression of constitutively 

active PKC6 (CA-PKCo) resulted in TXNIP SerP. Finally, specific biochemical 

approaches were undertaken to reveal TXNIP/PKC6 direct interaction in COS-7 

cells co-expressing GFP-TXNIP and CA-PKC6 The results of these experiments 

further confirmed that TXNIP is a direct substrate of PKC& and, therefore, 

TXNIPSerP 1s a molecular event downstream PKCl'> activation in HG 

These results support the hypothesis that post-translational modifications of 

TrxS constituents result in retinal EC dysfunction m the diabetic retina. From these 

studies we can conclude the follow1ng.1) Trx1 is held in an oxidized state following 

HG challenges; 2) Inhibition of TrxR1 activity by HG in BREC is a result of its 

oxidative modifications which also affects its Interaction with 1ts functional inhibitor 

caveohn-1; 3)TrxR1 seems to be directly involved with EC premature senescence 

and pro-apoptotic phenotype, as seen in the hyperglycemia m1lieu· 4) PKC&

dependent SerP of TXNIP in the hyperglycemic milieu appears to be associated 

with its pro-oxidative and inflammatory abilities by affect1ng 1ts interaction with Trx1 

and NLRP3. 
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In summary, we conclude that halting hyperglycemia-induced dysfunction of 

the TrxS act1vity can be achieved through the modulation of post-translational 

modifications of its constituents. In turn , this effect can result in the rescue of retinal 

EC function in the diabetic retina and may prevent and/or halt the progression of 

DR. 



CHAPTER VII : DISCUSSION 

The focus of this study has been to characterize the specific mechanisms of TrxS 

dysregulat1on involved in retinal oxidative damage in DR. Results of Chapter Ill 

determined that ROS production has differential effects in diabetic versus aging 

retinas These differences were correlated with changes in the reducing activity of 

Trx1 , the functional unit of the TrxS. Data reported in Chapter IV, found that loss 

of TrxR1 function is linked to oxidative retinal damage in HG/diabetes. Moreover, 

the express1on of TrxR1 in HG is involved 1n the regulation of premature retinal 

endothelial cell senescence. Chapter V characterized the occurrences and 

funct1onal consequences of SerP modifications made to the TrxS inhibitor, TXNIP, 

and identified TXNIP as a novel substrate for PKC6. 

Loss of Trx1 act1vity in DR 

A major finding , reviewed in Chapter Ill , IS that HG/diabetes results in 

Significant loss of the reduced, active form of Trx1 , leading to enhanced oxidative 

damage of lipids and nitrotyrosine adduct format1on 1n retinal tissue. In conjunction 

with TrxR1 Trx1 mediates the reparat1ve processes which reverse modifications 

made to these macromolecules 1n normal and acute stress conditions [62}. The 

ox1dant-induced damage seen in diabetic ret1nal tissue was not evident in an aging 

model where the elevation of ROS was counteracted by 
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compensatory increases in Trx1 and TrxR1 act1vity. Pnor to these studies, the 

dysfunction of the th1oredoxin system in DR has been attributed exclusively to 

TXNIP upregulat1on [64, 99}. Our findings, however, suggest that loss of Trx1 

enzymatic activity is not associated with JUSt TXNIP induction , but is a function of 

blunted TrxR1 activ1ty. 

The bioavailability of active Trx1 also plays a pivotal role in the homeostasis 

of important ROS-regulating antioxidant systems such as superoxide dismutases, 

catalases and glutathione enzymes [60]. For example, levels of reduced 

glutathione in yeast are not only preserved through the act1ons of glutathione 

reductase, but also through the actions of the TrxS [141) Components of the TrxS 

are also Involved in the export of oxidized glutathione into the vacuole. Active, 

reduced Trx1 is also the primary reductant of other systems such as that of the 

perox1redoxins (prxs) [142] Therefore, loss of functional Trx1 as shown by our 

results (Chapter Ill), can indirectly lead to the disequilibrium of other antioxidant 

systems. 

In addition to inhibiting OxS, treatment with active human recombinant Trx1 

(rhTrx1 ) has been shown to block the LPS-induced synthesis of several potent 

inflammatory factors which have also shown to be involved in the pathogenesis in 

DR, such as IL 1 p, IL-6 and TNF-u (60. 76]. Taken together. our results suggest 

that the development of new treatments able to restore the ratio of active to inactive 

Trx1 (Trx1 roo!Trx1 ox), would have very important therapeutic value for DR. 
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The contribution of TrxR1 to HG-induced premature cellular senescence 

Induction of sub-tox1c OxS is known to induce premature cellular 

senescence through activation of the p53 pathway [90] Loss of TrxR1 activity in 

HG/d1abetes conditions can be assoc1ated with decreased antioxidant defense due 

to persistent Trx oxidation and could lead to premature cellular senescence 

through an OxS-mediated process. 

Our data (Chapter IV) show that loss of retinal TxR1 activity in HG/diabetes 

conditions is a process involving oxidation and potentially nitration of this protein . 

TrxR1 IS a selenocysteine protein, thus, 1mply1ng that oxidative modifications can 

affect its function. Increased formation of peroxyn1trite (ONOO) in the Intracellular 

environment of endothelial cells 1n diabetic conditions is a direct result of eNOS 

uncoupling [119]. Peroxynitrite is a highly reactive oxidant which promotes both 

nitration and OXIdation of several molecules which may include TrxR1 . Indeed, 

enhanced nitrative and oxidative processes have been linked to induction of 

cellular senescence and progression of DR[143]. 

The observed effects reveal the occurrence of a vicious cycle of redox

dependent molecular events in which enhanced oxidation of retinal 

macromolecular complex also affects the activity of endogenous antioxidants, 

thus, leading to perpetration of damagtng signaling events and irreversible retinal 

tissue injury in diabetes 

Previous stud1es have shown that hyperglycemia induces endothelial 

dysfunction and vascular complications by accelerating endothelial cell (EC) 

senescence and limit1ng the proliferative potential of these cells [144]. 
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Experiments conducted in Chapter IV further reveal that loss of TrxR1 is 

associated with premature cellular senescence found in hyperglycemic conditions. 

In ECs and progenitor cells, the hyperglycemia-induced acceleration of 

senescence has previously been attributed to downregulation of silent information 

regulator 1 (SIRT1) and up-regulation of the cell senescence protein p161NK4a. Here 

we show that retinal ECs undergo HG-induced premature senescence through the 

modulation of p161NK4a and this process is mediated by loss of TrxR 1 expression. 

Conversely, a gain of TrxR1 expression inhibits the up-regulation of this 

senescence factor. 

Interestingly, th1oredoxin reductases belong to a novel fam1ly of Intracellular 

redox systems which protect against aberrant aging processes known as the 

"vitagene system" [145]. The vitagene system is emergmg as a "neurohormetic" 

potential target for novel cytoprotective interventions Vitagenes encode for 

cytoprotective heat shock protein 70, Hsp70, heme oxygenase-1 (H0-1 ), as well 

as thioredoxin reductase and sirtuins [145] . 

The regulation of premature cellular senescence by TrxR1 expression at 

cellular level reflects the potential impact of TrxR1 expression on longevity and 

degenerative agmg processes and implicate these Important biological processes 

in HG/d1abetes-induced retinal neurovascular injury and progression to DR. 
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TrxR1 mhibition in the diabetic retina 

Several electrophilic compounds that interact with the redox-active core of 

TrxR1 and 1nhibit its activity are currently used m chemotherapeutical regimens to 

treat cancer. These include platinum-containing compounds and gold-containing 

drugs [79]. Since treatment with these drugs decrease TrxR activity, they diminish 

the interaction between Trx and TrxR as well and have an impact on the overall 

levels of oxidative stress in the cell Our results indicate that HG-induced 

imbalance between active, Trx-1 red thiols and Inactive, Trx-1 ox disulfides in retinal 

vascular cells IS correlated with a decrease m TrxR1 activ1ty In fact, TrxR1 itself 

was discovered to be mostly in the form of an ox1d1zed disulfide. The question is, 

if the expression level of the TrxR1 prote1n remains the same, what mechanism is 

responsible for decreased TrxR1 bioactivity 1n HG/diabetes? 

It has recently been demonstrated that TrxR1 has an endogenous inhibitor, 

caveolin 1, a structural component of caveolae [91]. It was demonstrated that the 

scaffolding domain of caveolin 1 (cav1) binds directly to the caveolin-binding motif 

of TrxR1 . Our data suggest a potential inhibitory role of cav-1/TrxR1 on TrxR1 

act1v1ty 1n the diabetic retina This hypothesis is supported by studies in the kidney 

that found that cav-1 deficiency protects against mesangial matrix expansion in a 

mouse model of type 1 d1abet1c nephropathy[146] ECs exposed to high glucose 

have been shown to have increased cav1 express1on which correlated w1th 

increased vascular permeability, and th1s effects were reversed by treatments with 

resveratrol [129]. Resveratrol is one of the most studied polyphenolic antioxidants 

in red w1ne and has been suggested to activate the longevity- and metabolism-



162 

assoc1ated histone deacetylase SIRT1 [42] Surprisingly, dose-dependent 

treatment of resveratrol significantly increases TrxR1 activity, but not its mRNA 

levels, in an A549 cancer cell line [42, 147]. Collectively, our results along with 

previous studies support the need for further studies on the restoration of TrxR1 

activity through cav-1 inhibitors as a potential therapy in DR and other 

complications 

The identification of novel post-translational modifications of TXNIP in the diabetic 

retina 

TXNIP is a physiological inhibitor of Trx1 which blocks the reducing activity of 

Trx1 by directly interacting with its redox active domain through its two cysteine 

residues [21-23] Overexpression of TXNIP has been shown to decrease Trx1 

reducing activity, increase redox stress, and cause apoptosis 

TXNIP, however, has a number of alternative functions and its upregulation is 

mediated by a plethora of factors involved in metabolism and OxS. We have 

discovered that TXNIP, in the diabetic retina (STZ-rats and human post-mortem 

retinas of diabetic donors) undergoes SerP at 8298, 8300, 8303, and 8304. 

Of these residues, mutations of 8300, 8303, and 8304 resulted in the 

restoration of Trx1 activity, decrease of ROS production, interference of 

TXNIP/NLRP3 binding, and inhibition of IL-1 B production . Th1s is a fasctnating 
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outcome, which shows that phosphorylation at these s1tes promotes TXNIP gain 

of function toward the pro-oxidative and pro-inflammatory activities of this 

multifaceted molecule. 

Our observation that mutation of S298A resulted 1n the inability to bind NLRP3 

and inhibit TXNIP intracellular redistribution in HG conditions, but without changing 

binding With Trx1 , suggests that SerP of this residue of TXNIP is involved 

specifically 1n mediating its interaction with the NLRP3 mflammasome and is linked 

to its function as an a-arrestin Future stud1es will determine whether proteins that 

utilize TXNIP as a nuclear-to-plasma membrane scaffold such as VEGFR2, are 

immobilized with mutation of S298 [135] 

Phosphorylation at 8308 and S311 was found at high frequencies in control 

retinas, but was lost in the diabetic samples. Due to the close prox1mity of these 

two serine residues and their localization in the PPXY domain which is potentially 

involved in its interaction with the WW domain of E3 ubiquitin ligase , we speculate 

that serine phosphorylation of these residues is involved in TXNIP protein stability. 

This hypothesis is also supported by a very recent study showing that S308 of 

TXNIP 1s mod1f1ed by phosphorylation (114]. Investigators at Harvard University, 

have found that AMPK-dependent phosphorylation of TXNIP at S308 results in its 

degradation [114]. This effect appears to represent an auto-inhibitory response 

event which is used 1n energy stress cond1t1ons which acutely blocks TXNIP

dependent GLUT1 endocytosis (114] Degradation of TXNIP, by this mechanism, 

results in enhancement of glucose uptake [114]. 
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Interestingly, it has previously shown that the induction of diabetes in mice led 

to retinal AMPK dephosphorylation and Inactivation Our results demonstrating a 

loss 8308 in combination with reports of AMPK down-regulation in diabetes, 

suggest that this is a novel mechanism to favor glucose uptake in the diabetic 

milieu. Furthermore, studies report that diabetes-induced retinal inflammation 

stems from downregulation of the AMPK pathway, leading subsequently to Sl RT1 

deactivation and NF-KB activation [148]. This effect is reversed by resveratrol , 

which in addition to being a cav-1 inhibitor is also an AMPK activator [148]. These 

studies further connect the mechamsm of TrxR1 /cav-1 inhibition , reported in 

Chapter IV, to evidence of a loss of SerP-regulated TXNIP degradation in the 

d1abet1c retina. 

The implications of PKCi5. in the regulation of TXNIP phosphorylation and TrxS 

functiOn in the d1abet1c retma 

A number of PKC isoforms are activated in the diabetic retina including a, p, & 

and c [41 ]. Ev1dence shows that activation of PKC alters the signaling events of 

NO, ET-1 , VEGF, ROS, POGF, MAPK and NF-kB in endothelial cells and pericytes 

leading to dysfunction of the retinal vasculature[41 , 54 55] Our data show that 

stimulation of BREC with HG glucose leads to TXNIP complex formation with 

PKC6 This PKC isoform is diacyglycerol- and redox-sens1t1ve and 1ts expression 

and act1v1ty IS up-regulated in the diabetic retinas and 1t has been implicated in 

hyperglycemia-induced retinal pericytes loss, stimulation of NF-kB and breakdown 
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of the retinal blood barrier [54]. TrxS and PKC functional interaction has been 

documented in different cell types with different outcomes. Trx1 has been shown 

to be phosphorylated through a PKC-dependent pathway, contributing to its 

nuclear translocation and subsequent activation of NF-kB in cancer cells [149]. Trx 

has also been shown to affect PKC function in pulmonary artery endothelial cells 

(PAECs) exposed to N0[150]. Another study using prostate cancer cells showed 

that TrxR reversed methylseleninic acid-induced inactivation of PKCt , thus 

promoting resistance to the pro-apoptotic effects of methylseleninic acid (MSA) in 

these tumor cells [151 ]. Our novel finding of PKC6 ability to modulate TXNIP and/or 

TrxS activity, show a novel target of PKCo, suggesting that PKCo inhibition could 

have effects greater than those currently proposed. 

TrxS Suscepllbility to HG/diabetes in the retina 

The TrxS has been demonstrated as being more susceptible to oxidation 

by AGE precursors which are elevated in hyperglycemic conditions. This parallels 

our find1ng of oxidized Trx1 accumulation in BREC challenged with HG in part due 

to TrxR1 inhibition. So far, this effect of AGE precursors is demonstrated as being 

endothelial cell-specific in the retina. The underlying explanation for this specific 

effect in ECs may be based on two key findings in the literature: 1) In other cell 

types such as Muller cells, glutaredoxin (Grx) acts as backup system for TrxR1 2) 

Grx has a res1stance to AGEs, as shown in studies where challenges with AGEs 

fall to mduce Grx oxidation[152, 153]. 
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We can postulate that this increased susceptibility of TrxS oxidation in ECs 

exposed to HG may be a reason for the enhanced binding of TXNIP to NLRP3, an 

element of the inflammasome cascade. Under this hypothesis, glucose up

regulation of TXNIP and Trx1 oxidation. increase the bioavailability of TXNIP and 

its subsequent interaction with NLRP3. Furthermore, phosphorylation at serine 

residues outlined in Chapter V, may mediate this enhanced interaction, leading to 

increased IL-1 p production. 

Anttoxidants in the Treatment of DR 

Although the use of exogenous antioxidants 1n animal models of DR 

provided promising results [154], the effect of antioxidant supplement treatments 

on DR patients conducted in the Age-Related Eye D1sease Study (AREDS) 

resulted in only a modest, non-significant decrease in the risk of DR development 

[154]. This suggests that exogenous antioxidants are not enough to reverse the 

effects of hyperglycemia, especially in patients already exposed to excessive 

glucose levels, which activate pathways of glycemic memory. OxS has two faces: 

high levels of sustained hydroxyl radicals which lead to damaged macromolecules; 

and the dysregulation of antioxidant systems wh1ch fall to repair, replace, degrade 

or sequester damaged macromolecules. If the sa1d enzymes are subjected to 

permanent post-translational modifications, as th1s study reports, supplementation 

may quench ROS, but won 't reverse the damage of these antioxidant enzymes 

The major findings detailed within this study help to set the stage for the 
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development of new and more effective "antioxidant" therapies by characterizing 

the modifications made to the TrxS. a central regulator of intracellular redox 

balance. 



CHAPTER VIII: REFERENCES OF LITERATURE CITED 

1. Sun, Y M., et al., Recent advances 1n understanding the biochemical and 
molecular mechanism of diabetic nephropathy. Biochem Biophys Res 
Commun, 2013. 433(4 ): p. 359-61. 

2. Junn, E., et al., Vitamin D3 up-regulated protein 1 mediates oxidative stress 
via suppressing the thioredoxin function. J lmmunol, 2000. 164(12): p. 
6287 95 

3 Campbell , J A., et al., Glucose control in diabetes· the impact of racial 
differences on monitonng and outcomes Endocrine, 2012. 42(3): p 471-
82 

4 http.//www cdc gov/media/releases/2011/p0126 diabetes.html. 
5 http://www diabetes.org/. 
6. Matheus AS., et al , Impact of diabetes on cardiovascular disease. an 

update. lnt J Hypertens, 2013. 2013· p. 653789. 
7. Holman, R R , et al , 10-year follow-up of Intensive glucose control in type 

2 diabetes. N Eng I J Med, 2008 359(15): p. 1577-89 
8. Nathan, D M , et al. , lntens1ve diabetes treatment and cardiovascular 

disease in patients with type 1 diabetes N Engl J Med, 2005. 353(25): p. 
2643-53. 

9 Paneni, F , et al. , Diabetes and vascular disease· pathophysiology, clinical 
consequences, and medical therapy part I Eur Heart J, 2013. 

10 Baccarelli , A. and S. Ghosh , Environmental exposures, epigenetics and 
cardiovascular disease. Curr Opin Clin Nutr Metab Care, 2012. 15(4): p. 
323-9. 

11 . Fong , D S , et al , Diabetic retinopathy Diabetes Care, 2004 27(10): p. 
2540-53 

12 Jacobson, A.M et al. , The Long-Term Effects of Type 1 Diabetes 
Treatment and Complications on Health-Related Quality of Life· A 23-year 
follow-up of the Diabetes Control and Complications/Epidemiology of 
D1abetes Interventions and Complications cohort. Diabetes Care, 2013 

13. Bressler S B . et al , Exploratory Analysis of the Effect of lntrav1treal 
Ranibizumab or Triamcinolone on Worsening of D1abet1c Retinopathy in a 
Randomized Clin1cal Tnal. JAMA Ophthalmol. 2013 p. 1-8 

14. Kolb, H www.webv1sion com 
15. St1tt A.W , et al , Advances in our understanding of d1abet1c retinopathy. 

Clin Sc1 (lond), 2013. 125(1)· p. 1-17 
16. Akpek. E K and R.A. Sm1th, Overview of age-related ocular conditions. Am 

J Manag Care. 2013. 19(5 Suppl): p. s67-75 

168 



169 

17. Klein, R , et al. , The Wisconsin epidemiologic study of diabetic retinopathy. 
Ill Prevalence and risk of diabetic retinopathy when age at diagnosis is 30 
or more years. Arch Ophthalmol, 1984. 102(4)· p. 527-32. 

18. Antonetti , D.A , R. Klein, and T W. Gardner, Diabetic retinopathy. N Engl J 
Med, 2012. 366(13): p. 1227-39. 

19. Gardiner. T.A. , et al. , Arteriolar Involvement in the microvascular lesions of 
diabetic retinopathy: implications for pathogenesis Microcirculation, 2007 
14(1 ): p. 25-38. 

20. Beltramo, E , et al., Pencyte adhesion is impaired on extracellular matrix 
produced by endothelial cells in high hexose concentrations. Diabetologia, 
2002. 45(3): p. 416-9. 

21 . Stitt, A.W., et al. , Substrates modified by advanced glycation end-products 
cause dysfunction and death in retinal pericytes by reducing survival signals 
mediated by platelet-derived growth factor. Diabetologia, 2004. 47(10): p. 
1735-46. 

22. Kowluru . R.A., Diabetic retinopathy· mitochondrial dysfunction and retinal 
capillary cell death Antioxid Redox S1gnal. 2005 7(11-12) p. 1581-87. 

23 Haribalaganesh, R . et al , Pigment-epithelium-derived factor down 
regulates hyperglycemia-induced apoptosis via P13K/Akt activation in goat 
retinal pericytes. Angiogenesis, 2009 12(4) p 381-9 

24 Chen, J . et al , Glycated collagen I 1nduces premature senescence-like 
phenotyp1c changes 1n endothelial cells. C1rc Res, 2002 90(12): p. 1290-8 

25. Bresnick, G.H., et al. , Clinicopathologic correlations in diabetic retinopathy. 
II Clinical and histologic appearances of retinal capillary microaneurysms. 
Arch Ophthalmol, 1977. 95(7): p. 1215-20 

26. Stitt, A.W . T.A. Gardiner, and D B. Archer, Histological and ultrastructural 
investigation of retinal microaneurysm development tn diabetic patients. Br 
J Ophthalmol, 1995. 79(4): p. 362-7. 

27. Ishikawa, K. , M. Uyama, and K. Asayama, Occlusive thromboaortopathy 
(Takayasu's disease): cervical arterial stenoses, retinal arterial pressure, 
retinal microaneurysms and prognosis. Stroke, 1983. 14(5): p. 730-5. 

28 Antonetti , D.A. , et al. , Diabetic retinopathy: see1ng beyond glucose-induced 
microvascular disease. Diabetes, 2006. 55(9) p 2401-11 . 

29 Han, Y., et al. , Multifocal electroretinogram and short-wavelength 
automated perimetry measures 1n diabetic eyes with little or no retinopathy. 
Arch Ophthalmol, 2004 122(12). p 1809-15 

30 Abu-EI-Asrar. A.M . et al . Express1on of apoptosis markers in the retinas of 
human subjects with diabetes Invest Ophthalmol Vis Sci, 2004. 45(8): p 
2760-6 

31 . Barber, A.J . et al . Neural apoptosis in the retina during experimental and 
human diabetes. Early onset and effect of 1nsulin. J Clin Invest, 1998. 
102(4). p 783-91. 

32 Park, S.H., et al. , Apoptotic death of photoreceptors in the streptozotocin
tnduced diabetic rat retina. Diabetologia , 2003. 46(9). p. 1260-8 



170 

33 AI-Shabrawey, M., et al., Role of NADPH oxtdase in retinal vascular 
inflammation. Invest Ophthalmol Vis Set, 2008 49(7): p. 3239-44. 

34 Catcedo. A., et al • Blood-derived macrophages infiltrate the retina and 
activate Muller glial cells under experimental choroidal neovascularization. 
Exp Eye Res, 2005. 81 (1)· p. 38-47. 

35 Joussen, A.M., et al., Suppression of Fas-FasL-induced endothelial cell 
apoptosts prevents diabetic blood-retmal barrier breakdown in a model of 
streptozotocin-induced diabetes. FASEB J, 2003. 17(1 ): p. 76-8. 

36. Chidlow, G., et al. , Glial cell and inflammatory responses to retinal laser 
treatment: comparison of a conventional photocoagulator and a novel, 3-
nanosecond pulse laser. Invest Ophthalmol Vis Sci, 2013. 54(3). p. 2319-
32. 

37 RoJaS, M., et at , Role of IL-6 m angiotensin 11-induced retinal vascular 
inflammation. Invest Ophthalmol Vis Sci, 2010. 51 (3): p. 1709-18. 

38 Koleva-Georgieva, D.N., N.P. Stvkova. and D Terzieva, Serum 
inflammatory cytokines IL-1 beta. IL-6, TNF-alpha and VEGF have influence 
on the development of diabetic retinopathy Folia Med (Piovdiv), 2011 . 
53(2) p 44-50. 

39. Gu. H F . et al., Association of intercellular adhesion molecule 1 (ICAM1) 
with dtabetes and diabetic nephropathy. Front Endocrinol (Lausanne), 
2012 3 p 179. 

40. Gtacco. F. and M. Brownlee, Oxtdattve stress and diabetic complications. 
Ctrc Res, 2010. 107(9). p. 1058-70 

41 . Geraldes, P. and G.L. King, Activation of protein kinase C isoforms and its 
1mpact on diabetic complications. Circ Res, 2010. 106(8): p. 1319-31 . 

42 Calabrese, V., et al., Oxidative stress, glutathione status, sirtuin and cellular 
stress response in type 2 dtabetes. Biochim Biophys Acta, 2012 . 1822(5): 
p. 729-36. 

43. Arunachalam, G., et al. , Metformin modulates hyperglycaemia-induced 
endothelial senescence and apoptosis through SIRT1 . Br J Pharmacol, 
2014 171 (2): p. 523-35 

44 . Matsui-Hirai, H., et al. , Dose-dependent modulatory effects of insulin on 
glucose-induced endothelial senescence in vitro and in vivo: a relationship 
between telomeres and nttric oxtde J Pharmacol Exp Ther, 2011 . 337(3): 
p. 591-9. 

45. Avogaro, A . et al. . The endothelium abridges 1nsulin resistance to 
premature aging. JAm Heart Assoc. 2013. 2(3) p e000262. 

46 Ota. H., et al., Cilostazol inhibtts oxtdative stress-Induced premature 
senescence via upregulation of Sirt1 in human endothelial cells Arterioscler 
Thromb Vase Bioi, 2008. 28(9). p. 1634-9 

47. Mortuza. R. . et al. , High glucose induced alterat1on of SIRTs 1n endothelial 
cells causes rapid aging 1n a p300 and FOXO regulated pathway. PLoS 
One, 2013 8(1): p. e54514 

48. Lamoke , F . et al. , Loss of thioredoxtn function 1n retinas of mice 
overexpressing amyloid beta . Free Radic Bioi Med, 2012. 53(3): p. 577-88. 



171 

49. King, G.L. and M. Brownlee, The cellular and molecular mechanisms of 
d1abetic complications. Endocrinol Metab Clin North Am, 1996. 25(2): p. 
255-70. 

50. Kowluru, R.A. , L. Atasi, and Y.S. Ho, Role of mitochondrial superoxide 
dismutase in the development of diabetic retinopathy. Invest Ophthalmol 
Vis Sci , 2006. 47(4): p 1594-9. 

51. Candido, R., et al. , A breaker of advanced glycation end products 
attenuates diabetes-induced myocardial structural changes. Circ Res, 
2003. 92(7): p. 785-92. 

52. Li , G., et al. , Beneficial effects of a novel RAGE inhibitor on early diabetic 
retinopathy and tactile allodynia. Mol Vis, 2011 . 17: p. 3156-65. 

53. Kaji , Y., et al. , Inhibition of diabetic leukostasis and blood-retinal barrier 
breakdown with a soluble form of a receptor for advanced glycation end 
products. Invest Ophthalmol Vis Sci, 2007. 48(2): p. 858-65. 

54 Kim, J.H., et al. , Inhibition of protein kinase C delta attenuates blood-retinal 
barrier breakdown in diabetic retinopathy Am J Pathol, 2010. 176(3): p. 
1517-24. 

55 Geraldes, P , et al. , Activation of PKC-delta and SHP-1 by hyperglycemia 
causes vascular cell apoptosis and diabetic retinopathy. Nat Med, 2009. 
15(11 ): p. 1298-306. 

56 AI-Shabrawey, M , et al. , Role of NADPH ox1dase and Stat3 in statin
mediated protection against diabetic retinopathy. Invest Ophthalmol Vis Sci, 
2008. 49(7): p. 3231-8. 

57. Jones, D.P. and Y.M. Go, Redox compartmentalization and cellular stress. 
Diabetes Obes Metab, 2010. 12 Suppl 2 p 116-25. 

58 Hajjar, D.P. and A.M Gotto, Jr., Biological relevance of inflammation and 
oxidative stress in the pathogenesis of arterial diseases. Am J Pathol, 2013. 
182(5): p. 1474-81 . 

59 Matsunami , T. , et al. , Oxidative stress and gene expression of antioxidant 
enzymes in the streptozotocin-induced diabetic rats under hyperbaric 
oxygen exposure. lnt J Clin Exp Pathol, 2009. 3(2): p. 177-88. 

60. Holmgren, A. , Antioxidant function of thioredoxin and glutaredoxin systems. 
Antioxid Redox Signal, 2000 2(4): p. 811-20. 

61 . Go, Y.M , J. Pohl, and D.P. Jones, Quantification of redox conditions in the 
nucleus. Methods Mol Bioi, 2009. 464 p 303-17 

62 Nathan, C. and A. Cunningham-Bussel, Beyond oxidative stress: an 
immunologist's guide to reactive oxygen species Nat Rev lmmunol, 2013. 
13(5)• p. 349-61 . 

63. Kowluru, R.A., et al. , lnterleukin-1 beta and mitochondria damage, and the 
development of diabetic retinopathy. J Ocul B1ol D1s lnfor, 2011 . 4(1-2): p. 
3-9 

64. Dev1, T.S., et al. , Critical role of TXNIP in oxidative stress, DNA damage 
and ret1nal pericyte apoptosis under high glucose implications for diabetic 
retinopathy. Exp Cell Res, 2013. 319(7): p. 1001-12. 



172 

65. Obrosova, I.G. , et al. , Early diabetes-induced biochemical changes in the 
retina: comparison of rat and mouse models. Diabetologia, 2006. 49(1 0): p. 
2525-33. 

66. Tessier, D. , A. Khalil , and T. Fulop, Effects of an oral glucose challenge on 
free radicals/antioxidants balance 1n an older population with type II 
diabetes. J Gerontol A Bioi Sci Med Sci, 1999. 54(11): p. M541-5. 

67. Kowluru, R.A., J. Tang, and T.S. Kern, Abnormalities of retinal metabolism 
in diabetes and experimental galactosemia. VII. Effect of long-term 
administration of antioxidants on the development of retinopathy. Diabetes, 
2001 . 50(8): p. 1938-42. 

68. Lamoke, F., et al. , Trans-Chalcone prevents VEGF expression and retinal 
neovascularization in the ischemic retina. Exp Eye Res, 2011 . 93(4): p. 350-
4. 

69. Mustata , G.T., et al. , Paradoxical effects of green tea (Camellia sinensis) 
and antioxidant vitamins in diabetic rats: improved retinopathy and renal 
mitochondrial defects but deterioration of collagen matrix glycoxidation and 
cross-linking. Diabetes, 2005. 54(2): p 517-26. 

70. Kowluru, R.A. , B. Menon, and D.L. Gierhart, Beneficial effect of zeaxanthin 
on retinal metabolic abnormalities in diabetic rats. Invest Ophthalmol Vis 
Sci, 2008. 49(4): p. 1645-51 . 

71 Coppey, L.J ., et al. , Effect of M40403 treatment of diabetic rats on 
endoneuria! blood flow, motor nerve conduction velocity and vascular 
function of epineurial arterioles of the sciatic nerve. Br J Pharmacal, 2001 . 
134(1 ): p. 21-9. 

72. Holmgren, A. and J. Lu, Thioredoxin and thioredoxin reductase: current 
research with special reference to human disease. Biochem Biophys Res 
Commun , 2010. 396(1 ): p. 120-4. 

73. Watson, W.H., et al. , Redox potential of human thioredoxin 1 and 
identification of a second dithiolldisulfide motif. J Bioi Chern, 2003. 278(35): 
p. 33408-15. 

74. Laurent, T.C., E.C. Moore, and P. Reichard, Enzymatic Synthesis of 
Deoxyribonucleotides. lv. Isolation and Characterization ofThioredoxin, the 
Hydrogen Donor from Escherichia Coli B. J Bioi Chern, 1964. 239: p. 3436-
44. 

75. Tanaka, T , et al. , Thioredoxin-2 (TRX-2) is an essential gene regulating 
mitochondria-dependent apoptosis. EMBO J, 2002. 21 (7): p. 1695-703. 

76. Bertini, R , et al. , Thioredoxin, a redox enzyme released in infection and 
inflammation, is a unique chemoattractant for neutrophils, monocytes, and 
T cells. J Exp Med, 1999. 189(11 ): p. 1783-9. 

77. Pekkari, K. and A. Holmgren, Truncated thioredoxin: physiological functions 
and mechanism. Antioxid Redox Signal, 2004. 6(1 ): p. 53-61 . 

78. Gil-Sea, F., et al. , Thioredoxin-80 is a product of alpha-secretase cleavage 
that inhibits amyloid-beta aggregation and is decreased in Alzheimer's 
disease brain. EMBO Mol Med, 2012. 4(10): p. 1097-111 . 



173 

79 Lee, S , SM. Kim, and R T. Lee, Thioredox1n and thioredoxin target 
proteins· from molecular mechanisms to functional significance. Antioxid 
Redox Signal, 2013 18(10)· p. 1165-207 

80. Sptndel, O.N., C. World, and B.C. Berk, Thioredoxtn interacting protein: 
redox dependent and independent regulatory mechanisms Antioxid Redox 
Signal, 2012. 16(6): p. 587-96. 

81 Lillig , C.H. and A. Holmgren, Thtoredoxin and related molecules--from 
biology to health and disease. Antioxid Redox Signal, 2007. 9(1 ): p. 25-47. 

82. Sengupta, R. and A. Holmgren, Thioredoxtn and thioredoxin reductase in 
relation to reversible S-nitrosylation. Antioxid Redox Signal, 2013. 18(3): p. 
259-69. 

83. Haendeler, J., et al. , Antioxidant effects of statins via S-nitrosylation and 
activation of thioredoxin in endothelial cells: a novel vasculoprotective 
function of statins. Circulation, 2004. 11 0(7)· p. 856-61 

84. Meuillet, E.J , et al. , Thioredoxin-1 binds to the C2 domain of PTEN 
inhibiting PTEN's lipid phosphatase activity and membrane binding: a 
mechantsm for the functional loss of PTEN's tumor suppressor activity. Arch 
Btochem Btophys, 2004. 429(2) p 123-33 

85. Oblong, J E., et al. , Purificatton of human thtoredoxin reductase. properties 
and charactenzatton by absorptton and ctrcular dtchrotsm spectroscopy 
Biochemistry, 1993 32(28): p 7271-7. 

86. Arner, E S . Focus on mammalian thtoredoxtn reductases--tmportant 
selenoproteins with versatile functions Btochtm Biophys Acta, 2009. 
1790(6): p. 495-526. 

87 Sandalova, T., et al. , Three-dimensional structure of a mammalian 
thtoredoxin reductase: implications for mechanism and evolution of a 
selenocysteine-dependent enzyme Proc Natl Acad Sci U S A, 2001 . 
98(17). p. 9533-8. 

88. Rundlof, A.K., M Carlsten , and E S. Arner, The core promoter of human 
thioredoxin reductase 1: cloning, transcriptional activity, and Oct-1, Sp1, 
and Sp3 binding reveal a housekeeping-type promoter for the AU-rich 
element-regulated gene. J Btol Chern, 2001 . 276(32). p. 30542-51 

89. Papp, L.V., A. Holmgren, and K K Khanna, Selenium and selenoproteins 
in health and disease Antioxid Redox Signal, 2010 12(7)· p. 793-5. 

90 Chen, Q . and B N. Ames, Senescence-like growth arrest induced by 
hydrogen peroxide in human diplotd fibroblast F65 cells Proc Natl Acad Sci 
US A, 1994 91 (10)· p 4130-4 

91 . Volonte D and F. Galbtatt, lnhibttton of thtoredoxin reductase 1 by caveolin 
1 promotes stress-induced premature senescence. EMBO Rep, 2009. 
10(12) p. 1334-40 

92 Powts, G and D L Ktrkpatrick, Thtoredoxin signaling as a target for cancer 
therapy Curr Opin Pharmacol, 2007 7(4)· p 392-7. 

93 Goodman, P.J., et al , Moving a randomtzed clinical trial into an 
observational cohort. Clin Trials, 2013 1 0(1 ): p 131-42. 



174 

94 Chen, K.S and H F Deluca, Isolation and characterization of a novel eDNA 
from HL-60 cells treated w1th 1,25-dlhydroxyvitamm D-3 Biochim Biophys 
Acta, 1994. 1219(1): p. 26-32. 

95 Alvarez, C.E. , On the origins of arrest1n and rhodopsin. BMC Evol Bioi, 
2008. 8: p. 222. 

96 Patwari, P. , et al. , The interaction of thioredoxin with Txnip. Evidence for 
formation of a mixed disulfide by disulfide exchange J Bioi Chern, 2006. 
281 (31 ): p. 21884-91. 

97. Zhang, P., et al. , The ubiquitin ligase itch regulates apoptosis by targeting 
thioredoxin-interacting protein for ubiquitin-dependent degradation. J Bioi 
Chern, 2010. 285(12): p. 8869-79. 

98 Polekhina, G., et al. , Structure of the N-terminal domain of human 
thioredoxin-interacting protein. Acta Crystallogr D Bioi Crystallogr, 2013. 
69(Pt 3): p. 333-44. 

99 Perrone, L. , et al. , Thioredoxm interact1ng protein (TXNIP) induces 
inflammation through chromatin modification 1n retinal capillary endothelial 
cells under diabetic conditions. J Cell Phys1ol, 2009 221 (1 ): p. 262-72. 

100 Ahsan, M.K , et al. , Loss of interleukin-2-dependency in HTLV-1-infected T 
cells on gene silencing of thioredoxin-binding protein-2. Oncogene, 2006. 
25(15): p. 2181-91 . 

101 Minn. A.H., C Hafele, and A Shalev, Thioredoxin-interacting protein is 
stimulated by glucose through a carbohydrate response element and 
Induces beta-cell apoptosis. Endocrinology, 2005 146(5): p. 2397-405. 

102. Chutkow W.A. , et al , Deletion of the alpha-arrestm protein Txnip in mice 
promotes adiposity and adipogenesis while preserving insulin sensitivity. 
Diabetes, 2010. 59(6)· p. 1424-34 

103. Chutkow, W.A. , et al. , Thioredoxin-interacting protein (Txnip) is a critical 
regulator of hepatic glucose production. J Bioi Chern, 2008. 283(4 ): p. 2397-
406. 

104. Zhou, R., et al. , Thioredoxin-interacting protein links oxidative stress to 
mflammasome activation. Nat lmmunol, 2010. 11 (2): p. 136-40. 

105. Schroder, K. , R. Zhou, and J. Tschopp, The NLRP3 inflammasome: a 
sensor for metabolic danger? Science, 2010. 327(5963)· p. 296-300. 

106 Mulay, S R , et al. , Calcium oxalate crystals induce renal inflammation by 
NLRP3-mediated IL-1beta secretion J Clin Invest, 2013. 123(1): p. 236-46. 

107 Kitaoka, Y et al , Axonal protection by 17beta-estradiol through 
thioredoxin-1 in tumor necros1s factor-induced optic neuropathy. 
Endocrmology, 2011 . 152(7). p 2775-85. 

108. Kong, L. , et al. , Neuroprotect1ve effect of overexpression of thioredoxin on 
photoreceptor degeneration in Tubby m1ce Neurobiol Dis, 2010. 38(3). p. 
446-55 

109 Munemasa, Y., et al. , Protective effect of th1oredox1ns 1 and 2 in retinal 
ganglion cells after optic nerve transection and oxidative stress. Invest 
Ophthalmol Vis Sci, 2008. 49(8): p. 3535-43 



175 

110. Munemasa, Y., et al., Thioredoxins 1 and 2 protect retinal ganglion cells 
from pharmacologically induced oxidative stress, optic nerve transection 
and ocular hypertension. Adv Exp Med Bioi, 2010. 664: p. 355-63. 

111 . Perrone, L. , et al , Inhibition of TXNIP expression in vivo blocks early 
pathologies of diabetic retinopathy. Cell Death Dis, 2010. 1· p. e65. 

112. Devi, T.S , et al. , TXNIP links 1nnate host defense mechanisms to oxidative 
stress and inflammation in ret1nal Muller glia under chronic hyperglycemia: 
implications for diabetic retinopathy. Exp Diabetes Res, 2012. 2012: p. 
438238 

113. Wang, K. , et al. , Thioredoxin Reductase were Nitrated in the Aging Heart 
after Myocardiallschemia/Reperfusion . Rejuvenation Res, 2013. 

114. Wu, N , et al. , AMPK-dependent degradation of TXNIP upon energy stress 
leads to enhanced glucose uptake via GLUT1 . Mol Cell , 2013. 49(6): p. 
1167-75 

115. Behzad1an, M.A., et al. , Effects of hypoxia on glial cell expression of 
angiogenesis-regulating factors VEGF and TGF-beta Glia, 1998. 24(2): p. 
216-25. 

116. Burnette, J 0 . and R.E. White, PGI2 opens potassium channels in retinal 
pericytes by cyclic AMP-stimulated, cross-activation of PKG. Exp Eye Res, 
2006. 83(6): p. 1359-65. 

117. Guerra-Araiza , C., et al. , Effect of natural exogenous antioxidants on aging 
and on neurodegenerative diseases Free Radic Res, 2013 47(6-7): p. 451-
62 

118. Rutkowski , R , et al , [Reactive oxygen and nitrogen species in Inflammatory 
process] Pol Merkur Lekarsk1, 2007. 23(134)· p 131-6. 

119 Ceriello, A., N1trotyrosine: new findings as a marker of postprandial 
oxidative stress. lnt J Clin Pract Suppl, 2002(129): p. 51-8. 

120. Saitoh, M , et al. , Mammalian thioredoxin is a direct Inhibitor of apoptosis 
signal-regulating kinase (ASK) 1. EMBO J, 1998. 17(9): p. 2596-606. 

121. Kern , T.S , et al. , Response of capillary cell death to aminoguanidine 
predicts the development of retinopathy: comparison of diabetes and 
galactosemia Invest Ophthalmol Vis Sci, 2000. 41(12) p 3972-8 

122. Ali, T K , et al , Peroxynitrite mediates retinal neurodegeneration by 
1nh1b1t1ng nerve growth factor survival signaling 1n experimental and human 
diabetes. Diabetes, 2008. 57(4): p 889-98. 

123. ei-Remessy, A.B., et al. , Oxidative stress inactivates VEGF survival 
signaling in retinal endothelial cells v1a PI 3-kinase tyrosine nitration. J Cell 
SCI, 2005. 118(Pt 1 ): p. 243-52. 

124. Platt, D.H., et al., Peroxynitrite increases VEGF expression in vascular 
endothelial cells via STAT3. Free Radic Bioi Med, 2005. 39(10): p. 1353-
61 . 

125 Edes, K. et al , JS-K a nitnc oxide prodrug, has enhanced cytotoxicity in 
colon cancer cells with knockdown of thioredoxin reductase 1 PLoS One, 
2010 5(1). p e8786. 



176 

126. Graham, P.M., et al., Protection against peroxynitrite-induced DNA damage 
by mesalamine: implications for anti-inflammation and anti-cancer activity. 
Mol Cell Biochem, 2013. 378(1-2): p. 291-8. 

127. Dasari, A. , et al., Oxidative stress induces premature senescence by 
stimulating caveolin-1 gene transcription through p38 mitogen-activated 
protein kinase/Sp1-mediated activation of two GC-rich promoter elements. 
Cancer Res, 2006. 66(22): p 10805-14. 

128. Chen, Z., et al. , Nitric oxide-dependent Src acttvation and resultant 
caveolin-1 phosphorylation promote eNOS/caveolin-1 binding and eNOS 
inhibition. Mol Bioi Cell, 2012. 23(7): p. 1388-98. 

129. Tian, C., et al., Resveratrol ameliorates high-glucose-induced 
hyperpermeability mediated by caveolae via VEGF/KDR pathway. Genes 
Nutr, 2013. 8(2): p. 231-9. 

130. Nishiyama, A., et al., ldenttfication of thioredoxin-binding protein-2/vitamin 
D(3) up-regulated protein 1 as a negative regulator of thioredoxin function 
and expression. J Bioi Chern, 1999 274(31). p. 21645-50. 

131 . Yamanaka, H., et al. , A possible interaction of thioredoxin with VDUP1 in 
HeLa cells detected in a yeast two-hybrid system. Biochem Biophys Res 
Commun, 2000. 271 (3): p. 796-800. 

132. Chen, J., et al., Diabetes induces and calcium channel blockers prevent 
cardiac expression of proapoptotic thioredoxin-interacting protein. Am J 
Physiol Endocrinol Metab, 2009 296(5): p. E1133-9. 

133. Yu, F .X , et al., Adenosine-contatning molecules amplify glucose signaling 
and enhance txnip expression Mol Endocrinol, 2009. 23(6): p. 932-42. 

134. Pankh, H., et al., TXNIP regulates peripheral glucose metabolism in 
humans PLoS Med, 2007 4(5). p e158. 

135. Spindel, O.N., C. Yan, and B C Berk, Thioredoxin-interacting protein 
mediates nuclear-to-plasma membrane communication: role in vascular 
endothelial growth factor 2 signaling. Arterioscler Thromb Vase Bioi, 2012. 
32(5): p. 1264-70. 

136 World, C., O.N. Spindel , and B.C. Berk, Thioredoxin-interacting protein 
mediates TRX1 translocation to the plasma membrane in response to tumor 
necrosis factor-alpha: a key mechanism for vascular endothelial growth 
factor receptor-2 transactivation by reactive oxygen species Arterioscler 
Thromb Vase Bioi, 2011 . 31(8) p 1890-7. 

137. Liu, Y., M Biarnes Costa, and C. Gerhardinger, IL-1 beta is upregulated in 
the diabetic retina and retinal vessels: cell-specific effect of high glucose 
and IL-1 beta autostimulation. PLoS One, 2012. 7(5): p. e36949. 

138. Vincent, J.A. and S. Mohr, Inhibition of caspase-1 /interleukin-1 beta 
signaling prevents degeneration of retinal capillaries in diabetes and 
galactosemia. Diabetes, 2007. 56(1 ): p 224-30. 

139. Lee, H , et al , Light-induced phosphorylation of crystallins in the retinal 
pigment eptthehum. lnt J Bioi Macromol. 2011 . 48(1 )· p. 194-201 . 



177 

140. Kamata, K., et al , Effects of phorbol ester on vasodilation induced by 
endothelium-dependent or endothelium-independent vasodilators in the 
mesenteric arterial bed J Cardiovasc Pharmacal, 1995 26(4 ): p. 645-52. 

141 . Morgan, B., et al. , Multiple glutathione disulfide removal pathways mediate 
cytosolic redox homeostasis. Nat Chern Bioi, 2013. 9(2): p. 119-25. 

142. Hanschmann, E.M., et al. , Thioredoxins, Glutaredoxins, and 
Peroxiredoxins-Molecular Mechanisms and Health Significance. from 
Cofactors to Antioxidants to Redox Signaling. Antioxid Redox Signal, 2013. 

143. Gurel, Z., et al. , Retinal 0-linked N-acetylglucosamine protein 
modifications: implications for postnatal retinal vascularization and the 
pathogenesis of diabetic retinopathy. Mol Vis, 2013. 19: p. 1047-59. 

144. Servillo, L. . et al. , Stachydrine ameliorates high-glucose induced endothelial 
cell senescence and SIRT1 downregulation J Cell Biochem, 2013. 

145. Calabrese, V., et al. , Cellular stress response: a novel target for 
chemoprevention and nutritional neuroprotection in aging , 
neurodegenerative disorders and longevity Neurochem Res, 2008. 33(12): 
p. 2444-71 

146 Guan, T H . et al. , Caveolin-1 deficiency protects against mesangial matrix 
expansion 1n a mouse model of type 1 diabetic nephropathy. Diabetologia, 
2013 

147 Wallenborg, K. , et al. , Red w1ne tnggers cell death and thioredoxin 
reductase inhibition: effects beyond resveratrol and SIRT1 Exp Cell Res, 
2009 315(8): p. 1360-71 . 

148. Kubota, S. , et al. , Roles of AMP-activated protein kinase in diabetes
induced retinal inflammation. Invest Ophthalmol Vis Sci, 2011 . 52(12): p. 
9142-8. 

149. Chen, X., et al. , Thioredoxin-1 phosphorylated at T1 00 is needed for its anti
apoptotic activity in HepG2 cancer cells Life Sci, 2010. 87(7-8): p. 254-60. 

150. Kahlos, K. , et al. , Thioredoxin restores nitric oxide-induced inhibition of 
protein kinase C activity in lung endothelial cells. Mol Cell Biochem, 2003. 
254(1-2): p 47-54. 

151 . Gundimeda, U., et al. , Locally generated methylselemnic acid induces 
specific inactivation of protein kinase C isoenzymes relevance to selenium
Induced apoptosis in prostate cancer cells. J B1ol Chern. 2008. 283(50): p. 
34519-31 

152 Du, Y., et al. , Glutathione and glutaredoxin act as a backup of human 
th1oredoxin reductase 1 to reduce thioredox1n 1 preventing cell death by 
aurothioglucose. J B1ol Chern, 2012. 287(45) p 38210-9 

153. Oba, T. . et al , Methylglyoxal has deleterious effects on thioredoxin 1n 
human aort1c endothelial cells Env1ron Toxicol Pharmacal, 2012. 34(2): p. 
117-26. 

154 Kowluru, R A. and Q . Zhong , Beyond AREDS is there a place for 
antioxidant therapy in the prevention/treatment of eye d1sease? Invest 
Ophthalmol Vis Sci, 2011 . 52(12): p. 8665-71 . 




