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Abstract 

Diabetic retinopathy (DR) is a common complication of diabetes and the main cause of blindness 

among adults of working age. Previous studies have established that high blood glucose levels 

(hyperglycemia) promote chronic sub-clinical inflammation which in turn causes retinal tissue injury and 

development of DR. It has also been shown that increased levels of uric acid, a by-product of the purine 

metabolism, generates crystals of monosodium urate (MSU) which could contribute to retinal inflammation 

and to the development of DR. My honors thesis project focused on investigating the molecular basis of 

inflammation in diabetic retinopathy (DR), specifically how MSU stimulates sterile inflammation in retinal 

blood vessels cells and in other retinal cells through the induction of the NLRP3-inflammasome. Human 

retinal endothelial (HuREC) and Human retinal epithelial cells (HuRPE) were treated with clinically 

relevant doses of MSU (6mg/dL) or high glucose (HG 25mM) or a combination of both. The expression of 

NLRP3 inflammasome constituents such as IL-1, NLRP3 protein, Toll-like receptor (TLR4), Gasdermin 

D (GSDMD) and Thioredoxin-interacting protein (TXNIP) were monitored using Western blotting analysis 

and ELISA assay. Morphometric analysis and ANOVA statistical approaches were employed to analyze 

the data. The results obtained showed that HuREC are more responsive to MSU alone than HuRPE. 

However, in all conditions, MSU significantly potentiated the production of inflammatory constituents of 

the NLRP3 inflammasome. Overall, the results of my studies support MSU as a contributing factor to the 

pathogenesis of DR. This suggests that uricemia should be monitored in diabetic patients and hypouricemic 

drugs could be helpful in combating DR and vision loss in diabetic patients. 
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Introduction 

Diabetes is a group of metabolic disorders characterized by chronic hyperglycemia caused by either 

defects in insulin action, insulin secretion, or both (1). The incidence of diabetes is predicted to rise beyond 

400 million by year 2035 with a global prevalence of 10.1% (1). Chronic hyperglycemia may cause several 

complications such as nephropathy, neuropathy, cardiovascular dysfunction and diabetic retinopathy (1).  

Diabetic Retinopathy (DR) is the leading cause of blindness amongst adults of working age in the 

western world (2). It is the most common complication of diabetes affecting the microvasculature and 

neuronal cells of the retina and typically develops about 15 years after the onset of diabetes (2,3). Currently, 

there are more than 100 million cases of DR worldwide and this number is predicted to increase up to 600 

million by year 2040 (3,4).  

There are two types of DR: Non-proliferative DR (NPDR), which describes the early stages of DR 

and Proliferative DR (PDR), which describes the later stages (3-5). Chronic hyperglycemia causes 

pathological damages to the neurovascular unit of the retina. Damages include capillary occlusion, an 

outcome of leukostasis and the underlying cause of ischemia; breakdown of blood brain barrier (BRB) 

which leads to vessel leakage; and apoptosis of photoreceptors and glial cells. (3,5). The gradual 

development of these damages characterizes the different stages of DR.  

NPDR is characterized by microaneurysms, hard exudates, hemorrhages, cotton wool spots and 

intraretinal microvasculature abnormalities (IRMA) (3-5) as shown in Figure 1. Microaneurysms are the 

earliest clinical signs of DR. NPDR is often asymptomatic at the early stages, thus patients may be unaware 

of their underlying condition until it develops to PDR (3-5). PDR is clinically characterized by 

neovascularization (3-5). The damage that occurs in the vasculature of the retina typically results in 

ischemia (3-5). To compensate for the ischemic condition, a growth factor, Vascular endothelial growth 

factor (VEGF) is released, which produces new blood vessels abnormally protruding into the vitreous area 

of the eye (3-5). These blood vessels eventually rupture forming flame- shaped, blot or/and vitreous 

hemorrhages (3-5). At this stage, more complicated conditions may ensue such as retinal detachment and 

vitreous hemorrhage often resulting in the instantaneous loss of vision (3-5).  
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Figure 1: Pathological features of Non-Proliferative Diabetic Retinopathy (NPDR) vs Proliferative 

Diabetic Retinopathy (PDR) (6) 

 

Macular edema is also a major characteristic of DR and could happen at any time during the NPDR 

or PDR stages (3-5). The macula is responsible for visual acuity of the eye as it contains cones which are 

responsible for colored vision. Therefore, the accumulation of fluids in the macula is very dangerous and 

is the most common cause of visual loss in diabetic patients.  

Symptoms of DR may include blurred vision, floaters (hard exudates), dark spots, or difficulty 

seeing at night (3). DR is diagnosed using techniques such as fundus photography, fluorescence 

angiography, and optical coherence tomography (OCT) (2-5). Current treatments include anti-VEGF 
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injections, pan retinal laser photocoagulation and intravitreal injections of antiangiogenic agents and 

steroids (2-5). These treatments are only available for the later stages of DR (2-5). Therefore, identification 

of new diagnostic tools and more effective treatment options is crucial to prevent vision loss to diabetic 

patients (Figure 2). 

 

Figure 2: Example of vision in patient with proliferative diabetic retinopathy (20) 

 

Chronic subclinical inflammation is a major contributor to the progression of DR. Several studies 

have demonstrated the activity of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNFα, which 

exacerbates sterile inflammation in DR as shown in Figure 3 (5,6). Previous studies have also identified 

these inflammatory mediators as initiators of early neuronal cell death (5,6). Additionally, cytokine 

stimulation in the retina has been shown to instigate leukostasis, the underlying cause of endothelium 

damage and BRB breakdown (5). The adherence of leukocytes to the retinal capillaries subsequently 

diminish the integrity of the vessels, leading to increased vascular permeability, and ultimately, ischemia 

and neovascularization (5,6). Previous studies have also identified VEGF, a major contributor to PDR, as 

a mediator of angiogenesis and inflammation (5,6). Therefore, monitoring pro-inflammatory factors may 

hold diagnostic value for identifying patients at risk for DR.  
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Figure 3: Biochemical pathways to diabetic retinopathy (7) 

 

Inflammation 

Inflammation is the body’s defense mechanism against harmful stimuli (8-10). During 

inflammation, the innate immune system recognizes harmful stimuli, gets rid of it and restores homeostasis 

to the affected cells (7-9). Harmful stimuli may be produced by a variety of factors such as pathogens, toxic 

compounds in the body, cell or tissue injury or irradiation 

 (8). Inflammation may be acute or chronic. Acute inflammation aids in mitigating effects of 

harmful stimuli through several molecular events and interactions (8-10). However, when the inflammatory 

mechanisms become dysregulated, inflammation may become chronic leading to inflammatory-related 

diseases such as atherosclerosis, pancreatitis, Type 2 diabetes (T2D) and even diabetic retinopathy amongst 

many others (8-10). Important events that occur during the inflammatory process involved in DR 

pathogenesis include increased vascular permeability, vasodilation, increased blood flow, edema, 
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upregulation of cytokines, diapedesis, leukocyte recruitment, leukostasis and release of inflammatory 

mediators (8-10). 

The common mechanism of inflammation is summarized as it follows: 1) harmful stimuli is 

recognized by pattern -recognition receptors (PRRs); 2) inflammatory pathways such as inflammasomes 

complexes are activated; 3) inflammatory markers such as IL-1 are released and 4) phagocytes are recruited 

(8-10).  

 

Inflammasomes 

Inflammasomes are multimeric protein complexes in the cytosol that act as sensors and mediators 

of inflammation and assemble in response to the presence of danger-associated molecular patterns 

(DAMPs) or pathogen-associated molecular patterns (PAMPs) in the cell or tissue (10,11). DAMPs and 

PAMPs are recognized by the germ-line encoded pattern-recognition receptors (PRR) which then mediates 

the assembly of the inflammasome complex (11-13). Activation of PRRs trigger downstream inflammatory 

pathways to repair damages or eliminate infections (11-13). There are several inflammasomes in the body 

such as NLRP1, NLRP3, NLRC4, NLRP2, NLRP6, NLRP7, NLRP12 amongst others (13). The names of 

the inflammasomes simply denote the receptor protein (the PRR) component of the complex.  

 

The NLRP3 Inflammasome Complex  

NLRP3 inflammasome is the most studied inflammasome. It has been implicated in several inflammatory 

disorders such as diabetes, obesity, atherosclerosis and complications of diabetes such as diabetic 

retinopathy, to mention a few (12,13). NLRP3 inflammasome is responsible for caspase-1-dependent 

maturation of proinflammatory cytokines such as the interleukin-18 (IL-18) and interleukin-1 (IL-1β) (11-

13). The NLRP3 is a tripartite protein consisting of the C-terminal leucine rich-repeat domain (LRR), the 

N-terminal Pyrin domain (PYD) and a central nucleotide-binding and oligomerization domain (NOD) (11-

13) (Figure 4).  
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Figure 4: Priming and activation of NLRP3 inflammasome complex (17) 

 

The NLRP3 inflammasome complex is classically made of three main components: the pattern 

recognition receptor protein, which is the Nod-like receptor family pyrin-domain containing 3 (NLRP3) 

protein, the bipartite adaptor protein, apoptosis-speck containing (ASC) protein and the effector protein, 

procaspase -1 (11-13). Current studies suggest that NLRP3 exists in concentrations inadequate for the 

assemblage of inflammasome at the cells’ resting phase (13). Hence, its activation, unlike many other 

inflammasomes, requires two steps: First, it is primed and then it is activated. The priming signal arises 

from a host of PAMPs (or infectious signals) such as lipopolysaccharides (LPS), which employ pattern 

recognition receptors (PRRs) such as Toll-like receptors (TLRs), nucleotide-binding oligomerization 

domain-containing protein 2 (NODs) and cytokines like tumor necrosis factor (TNF) and IL-1β (11-13). 

These PRRs ultimately results in the activation of Nuclear Factor kappa β (NF-kβ), a transcription factor 

crucial for the upregulation of NLRP 3, and IL-1β. Recent studies suggest that this upregulation is especially 
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important as the concentration of NLRP3 in resting macrophages is insufficient to initiate inflammasome 

activation and pro-IL-1β is facultatively expressed in macrophages (11-13). The priming signal could also 

be stress-induced or tissue injury-induced factors. The activating signal arise from a host of stimuli 

including PAMPs such as fungal, viral and bacterial infections, viral RNA, ionic efflux such as K+ and 

Ca2+, sterile endogenous DAMPs or alarmins such as uric acid crystals (monosodium urate crystals), 

cholesterol crystals, and mitochondrial reactive oxygen species (ROS) (12,13). These wide variety of 

stimuli, although diverse, culminate in the induction of cellular stress which then activates NLRP3 (11-13). 

Recent studies have shown that NEK7, a serine-threonine kinase known to be involved in mitosis, is 

essential for NLRP3 inflammasome activation (11). Upon inflammasome activation, the NEK7–NLRP3 

interaction increases, and NEK7 oligomerizes with NLRP3, forming a wheel-shaped signaling hub with its 

N-terminal pyrin domain (PYD) at the center and a C-terminal leucine rich repeat domain (LRR) on the 

outside (11-13). This hub forms a platform for the recruitment of ASC (11-13). The ASC protein consists 

of a C terminal caspase recruitment domain (CARD) and an N terminal PYD domain (11-13). ASC proteins 

binds to the NLRP3’s PYD domain via their own PYD domain and polymerize to form long helical 

filaments which coalesce into a single macromolecule known as the ASC speck (11-13). As soon as this is 

completed, the CARD of the ASC recruits the zymogen protease pro-caspase-1 which finalizes the 

assembly of the NLRP3 inflammasome complex (11-13). Procaspase-1 then undergoes dimerization and 

auto-processing/cleavage resulting in mature caspase-1 with fully activated proteolytic activity (11-13). 

Caspase-1 cleaves pro-IL-18 and pro-1L-1β substrates yielding mature cytokine IL-18 and IL-1β (10-12). 

Caspase-1 also cleaves pro-Gasdermin-D, the executioner of pryoptosis separating its N-terminal from its 

C-terminal (11-13). After this occurs, Caspase-1 then cleaves itself at the CARD linker of the ASC and 

separates from the inflammasome complex (11-13). This separation causes a cessation of caspase-1 

proteolytic activity and inactivation of the inflammasome complex (11-13). The N-terminal of the 

Gasdermin-D (GSDMD) binds to the phosphoinositide in the plasma membrane and oligomerizes to form 

membrane pores (11-13). The formation of GSDMD pores in the membrane results in osmotic imbalance 

caused by the influx of water into the cell, swelling, and eventually the cell ruptures and pryoptosis is said 
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to have occurred (11-13). The rupturing of cell releases the cytoplasmic content of the cells into its 

surroundings, including alarmins and cytokines which attract phagocytes to the site of rupture (11-13). 

Phagocytes mediate inflammatory response and clean up the debris and pathogens at the site, restoring 

homeostasis (11-13).  

Another important component of the NLRP3 inflammasome pathway is the Thioredoxin interacting 

protein (TXNIP). TXNIP is an endogenous inhibitor and regulator of thioredoxin, a known cellular 

antioxidant and anti-apoptic system (14,15). Previous studies have indicated TXNIP as an effective link 

between oxidative stress and the inflammatory induction of innate response by NLRP3 inflammasome. 

When TXNIP binds TXR, it decreases the activity of TXR, thereby increasing reactive oxygen species 

(14,15). As previously discussed, oxidative stress is one of the many PAMPs that activate NLRP3 

inflammasome and culminate in the expression of proinflammatory cytokines such as IL-1. TXNIP has 

been documented to be consistently increased in insulin resistant and diabetic individuals as well as in DR 

patients (14,15). 

Recent studies have shown that NLRP3 is involved in the pathogenesis of DR as evidenced by 

increased expression of components of NLRP3 inflammasome such as IL-18, ASC, NLRP3, and caspase 1 

in the mononuclear cells and vitreous of DR patients (16, 17). Although the exact mechanism of NLRP3 

inflammation in DR is largely unknown, previous studies suggest that uric acid may be highly contributive 

to this process as uric acid nucleates to MSU at high levels and become an alarmin to stimulate sterile 

inflammation (20). 

 

Uric Acid 

Uric acid (UA) is a by-product of purine catabolism and a postcursor of a reaction catalyzed by 

xanthine oxidase (XOD) (Figure 5) (20).  
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Figure 5: Uric acid biosynthetic pathway and inhibitors (14) 

UA is a known endogenous scavenger of the highly reactive free radical peroxynitrite (ONOO-) 

and, thus, acts in this capacity as an antioxidant (21). However, when UA levels reach its “nucleation” 

threshold at physiological pH, it causes it to precipitate in the form of crystals of monosodium urate (MSU) 

which is a known irritant, pro-oxidant, and pro-inflammatory agent (21). UA typically nucleates into MSU 

crystals at levels ≥ 356 mmol/L (7 mg/dL) and at higher levels (≥ 9mg/dL) may cause an arthritic condition 

known as gout affecting joints and kidney (20,21) (Figure 6)  

Previous studies have identified UA/MSU as an alarmin or DAMP causing several intracellular 

changes such as increased xanthine oxidase (XOD) activity, generation of reactive oxygen species (ROS), 

mitochondrial damage; all of which culminate in the induction of NLRP3 inflammasome complex (9,21).  

 

 

 

 

 

 

 

 

 

Figure 6: Causes of Hyperuricemia and gout (from DrJokers.com) 
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Plan of Research 

UA/ MSU has been previously found to be at moderately high levels in serum of diabetic patients 

and this “asymptomatic” hyperuricemia has been linked to cardiovascular disease, diabetic complications 

such as neuropathy, nephropathy and, more recently retinopathy (16). Despite some anecdotal evidence, 

high levels of UA/MSU in gout have not been reported to cause retinal diseases similar to DR. However, 

in diabetic patients, and in experimental models of diabetic retinopathy (streptozotocin-induced diabetic 

rats – STZ-rats), UA/MSU can have detrimental effects even at much lower levels (16) 

Previously, Dr. Bartoli’s laboratory has shown that in human postmortem diabetic retina and in 

diabetic rats, there is an accumulation of UA/MSU as consequence of augmented XOD expression in the 

retina. Their preliminary studies also showed a synergistic effect of MSU and hyperglycemic-induced stress 

in promoting inflammation though activation of the inflammasome (16). As previously described, UA/ 

MSU is a known activator of sterile inflammation through the induction of the Nod-like pyrin receptor 3 

(NLRP3)-inflammasome (6,7). Therefore, there is evidence that MSU contributes to the progression of DR 

through the induction of NLRP3 inflammasome. The exact contribution of UA to DR is, however, greatly 

understudied. 

 The overall goal of my honors thesis was to elucidate the molecular basis of inflammation in 

diabetic retinopathy (DR) and the role of MSU in stimulating inflammation in retinal blood vessels. My 

research focused on investigating the synergistic effects of MSU with diabetes (hyperglycemia) with the 

goal of discovering how diabetes makes retinal endothelial cells and retinal epithelial cells more sensitive 

to MSU. 

 

AIM 1:  Determine the contribution of UA/MSU to high glucose-induced NLRP3 inflammasome 

activation in human retinal microvascular endothelial cells (HuREC) 

HuREC are cells known to control inner retinal barrier function. Experiments were conducted in HuREC 

cultured in disease-relevant doses of glucose (HG) or MSU or a combination of both. The experimental 

arms for these studies were as follows:  
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1) HuREC cultured in normal glucose (NG=5mM) as control.  

2) HuREC + MSU (6mg/dL) to mimic asymptomatic hyperuricemia 

3) HuREC cultured in high glucose levels (HG=25mM) to mimic hyperglycemia  

4) HuREC + HG + MSU to examine the synergistic effects of MSU in the hyperglycemic (HG) milieu 

Each treatment was carried out for 48 hours, after which the cells were harvested, and specific biomarkers 

of inflammation were measured using western blotting and ELISA assay. The biomarkers measured were 

the principal components of the NLRP3 inflammasome complex such as TLR4, IL-1β, NLRP3. In addition, 

expression levels (protein) of Gasdermin D (GSMD) and thioredoxin inhibitory protein (TXNIP), two 

important constituents of the inflammasome involved respectively in the secretion of IL-1β and in coupling 

cellular redox stress to activation of NLRP3, were also measured.  

 

AIM 2: Determine the contribution of UA/MSU to high glucose-induced NLRP3 inflammasome 

activation in human retinal pigmented epithelial cells (HuRPE). 

Analogous to HuREC, HuRPE also exert barrier function and constitute the outer retinal blood barrier. 

Previous unpublished work from Dr. Bartoli’s laboratory has shown that retinal endothelial cells (REC), 

like retinal pigmented epithelial cells (RPE), express urate transporters and the expression of these 

transporters is altered in human and experimental DR (data not shown). Based on these similarities, the 

experimental design for HuRPE were as follows:  

5) HuRPE cultured in normal glucose (NG=5mM) as control;  

6) HuRPE + MSU (6mg/dL) to mimic asymptomatic hyperuricemia 

7) HuRPE cultured in high glucose levels (HG=25mM) to mimic hyperglycemia  

8) HuRPE + HG + MSU to examine the synergistic effects of MSU in the hyperglycemic (HG) milieu 

Each treatment was carried-out for 48 hours, after which time the cells were harvested and processed as 

described for aim 1. 
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Methods 

Cell Culture and Treatment: This is a technique used to study biological activities at molecular levels. In 

this process, animal or human cells are grown under a strictly controlled and sterile environment to prevent 

contamination. Human retinal endothelial cells (HuREC) were purchased from Cell Systems Corporation 

(CSC, Kirkland, WA) and maintained using CSC complete medium with normal glucose formulation (Cell 

System Corporation) at 37◦C and 5% CO2 in a humidified atmosphere. These primary cells were isolated 

from normal healthy donor tissues and originated using Cell Systems Complete Serum-Free Medium (SF-

4Z0-500) and subsequently grown and passaged in Cell Systems Complete Classic Medium (4Z0-500). The 

cells are cryopreserved in Cell Systems Cell Freezing Medium (4Z0-705). All the experiments were carried 

out using HuREC between passages 3 to 7 and all the tissue culture flasks/plates were pre-coated with 

attachment factor (CSC). The cells were switched to serum-free CSC medium 10 to 12 hours before the 

experiments. To mimic the effects of the hyperglycemia (glucidic stress), HuREC were cultured for 48 

hours in serum-free medium containing 25mM D-glucose (high glucose, HG). Similarly, control cells were 

cultured in serum-free and normal glucose medium (5.5 mM D-glucose, NG). MSU (Sigma Aldrich) was 

added to the cell medium at the concentration of 6mg/dL. 

Human retinal pigmented epithelial cells (HuRPE) primary cells were purchased from Lonza (Walkersville, 

MD) and cultured in retinal pigment epithelial cell growth medium (RtEGMTM), containing 2 % fetal 

bovine serum at 37º C in a humidified atmosphere of 5% CO2 in air as suggested by the manufacturer. 

HuRPE monolayers were sub-cultured every 48 hours using Trypsin/EDTA, a trypsin neutralizing solution. 

HuRPE up to 5 passages were used for the experiments. Treatments with HG and MSU were applied to the 

cells in the culture medium. 

 

Protein analysis by Western Blotting: This technique, also known as immunoblot, is used to analyze the 

presence of a specific protein in the cell or tissue. It utilizes gel electrophoresis to separate tissue or cell 

total protein extracts in discrete isolated protein fragments. These fragments are then transferred to a 

nitrocellulose membrane and blocked with 5% milk to prevent any non-specific antibody binding. Next, 
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the protein of interest is exposed to a primary antibody. After which, a secondary antibody is used to bind 

to the primary antibody and the membrane is developed in a film for visualization. The thickness of the 

protein band on a membrane represents the concentration of the desired protein. In this experiment, proteins 

were extracted from HuREC and HuRPE cells, as mentioned above by using a cell lysis buffer in presence 

of a phosphatase inhibitor and a protease inhibitor cocktail. The extracted proteins were quantified using a 

Biorad Protein Assay. Our proteins of interest were NLRP3, TLR4, GSDMD and TXNIP. To probe the 

membranes on the nitrocellulose membranes, we used specific antibodies for each protein purchased from 

Abcam as listed in Table 1. Scanned images of blots were used to quantify protein expression using NIH 

ImageJ software (http://rsb.info.nih.gov/ij/). 

 

Enzyme-linked immunosorbent assay (ELISA): This is a plate-based assay technique designed for detecting 

and quantifying soluble (secreted) factors such as peptides, proteins, antibodies, chemokines, cytokines. 

For this experiment, we analyzed the presence of cytokines such as IL-1β in HuREC and HuRPE 

supernatants using an ELISA kit purchased from Thermo Fisher Scientifics. 

 

Statistical analysis: Graphs were prepared using Graph Pad Prism 8.0 software for Windows (Graph Pad 

Software, San Diego, CA). Data are shown as means ± SEM. Statistical significance among experimental 

groups was established using one-way ANOVA, followed by the Bonferroni multiple-comparison test. 

Differences were considered significant when p was <0.05. 

 

Table 1: List of Antibodies Used in Experiment: 

Antibody Concentration Company Experiment 

Anti-TLR4 1:1000 ABclonal Technology Western Blotting 

Anti-NLRP3 1:1000 Cell Signaling Technology Western Blotting 
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Results 

(Results relevant to Aim 1) 

To investigate the impact and mechanism of action of MSU in the pathogenesis of DR, we 

determined its effects on the induction of sterile inflammation in cultures of HuREC by assessing the protein 

levels of constituents of the NLRP3-inflammasome. We tested different samples of human retinal 

microvascular endothelial cells used between passages 4-7. All the treatments were extended for 48hours.  

 

Effect of MSU on the expression of TLR4 in HuREC 

One initial event prompting inflammasome activation is the up-regulation of TLR4 protein. The 

result of our western blotting analysis, as shown in Figure 7, revealed that TLR4 protein levels increased 

in response to clinically relevant dose of both MSU (6mg/dL) and HG (25mM). However, TLR4 expression 

was further significantly increased when the cells were contemporaneously challenged by HG and MSU. 

The bar histograms, depicted on the right panel of Figure 7, is the quantification of the optical densities of 

the bands corresponding to TLR4 immunoreactivity and normalized against actin that was used as an equal 

loading control.  

The data obtained show that HG and MSU alone increased TLR4 expression about 3-4 folds. 

However, when HG and MSU conditions were combined, TLR4 expression was more than 6 -olds higher 

than in NG condition and 2 times higher than MSU and HG alone. 

Anti-TXNIP 1:1000 ABclonal Technology Western Blotting 

Anti-GASD 1:1000 ABclonal Technology Western Blotting 

Anti-β-Actin 1:3000 Santa Cruz Biotechnology Western Blotting 
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Figure 7. TLR4 expression in HuREC exposed to MSU and HG. Left panel. Example of immunoblotting 

showing TLR4 protein immunoreactivity from HuREC cell lysates in response to the different treatment 

conditions. Right Panel. Bar histograms quantifying TLR4 immunoreactivity measured in 4 different set of 

experiments and normalized by their corresponding actin. *P<0.05 when compared to NG and #p<0.05 

when compared to MSU or HG alone, n=4.  

 

Effect of MSU on the expression of NLRP3 and TXNIP in HuREC 

In HuREC treated in the same experimental conditions shown in the previous section, we also 

measured the expression levels of NLRP3 protein as an indication of the activation of the specific 

inflammasome. As shown in Figure 8, western analysis of HuREC cell lysates show that NLRP3 protein 

levels increased in response to clinically relevant doses of both HG and MSU. However, treatment of the 

cells with a combination of HG and MSU drastically up-regulated the expression of NLRP3. Quantification 

of the optical density of the specific bands by Image J and normalization of the obtained values against the 

equal loading control, actin, confirmed the observed results and indicated that MSU and HG augmented 

NLRP3 protein levels about 4 and 8 folds respectively. The MSU+HG treatment further increased it to 

more than 10 folds compared to NG. These data further confirm that MSU and HG alone or in combination 

activate sterile inflammation through the NLRP3 inflammasome.  
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Figure 8. NLRP3 expression in HuREC exposed to MSU and HG. Left panel. Representative 

immunoblotting showing NLRP3 protein immunoreactivity from HuREC cell lysates in response to the 

different treatment conditions. Right Panel. Bar histograms quantifying NLRP3 immunoreactivity 

measured in 4 different set of experiments and normalized by their relative actin. *P<0.05 when compared 

to NG; ^p<0.05 when compared to MSU and #p<0.05 when compared to MSU or HG alone, n=4. 

 

Effects of MSU and HG on the expression pattern of TXNIP were also measured. As previously 

discussed, TXNIP has been shown to be activated in DR [14,15] and to be an important contributor of 

NLRP3 inflammasome [ 14,15]. Figure 9 summarizes the results of our analysis showing that HG but not 

MSU alone stimulates a significant increase in TXNIP expression (~2 folds versus NG). However, MSU in 

combination with HG further augmented it (~3 folds versus NG). 

 TXNIP is known to be up-regulated by high glucose levels [14,15] and its activation and 

interaction with NLRP3 links redox and metabolic stress to the induction of sterile inflammation [14,15]. 

This last set of data further confirm the effects of HG and HG+MSU in promoting NLRP3 inflammasome 

and consequent sterile inflammation by linking this pathogenic mechanism to HG-induced TXNIP 

expression.  
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Figure 9. TXNIP expression in HuREC exposed to MSU and HG. Left panel. Image of a typical 

immunoblotting showing TXNIP expression pattern measured in HuREC cell lysates in response to the 

different treatments. Right Panel. Bar histograms quantifying TXNIP immunoreactivity measured in 4 

different experiments and normalized by their relative actin. *P<0.05 when compared to NG; ̂ p<0.05 when 

compared to MSU and #p<0.05 when compared to MSU or HG alone, n=4. 

 

Effect of MSU on the expression of GSDMD and Secretion of IL-1  in HuREC 

 As a final step to determine the impact of HG and MSU on sterile inflammation in HuREC, we 

measured GSDMD expression by western blotting, and IL-1  levels by ELISA, in response to MSU and 

HG. These two factors are part of the same molecular step of the NLRP3 inflammasome because GSDMD 

forms membrane pores through which “mature” IL-1  is secreted. Figure 10 depicts a representative 

immunoblotting for GSDMD showing a progressive increase of this protein’s immunoreactivity in HuREC 

when exposed to MSU, HG, and their combination. Optical density data were obtained from 

immunoblotting of 4 different experiments and normalized against their respective actin (equal loading 

control).  
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Figure 10. GSDMD expression in HuREC exposed to MSU and HG. Left panel. Representative 

immunoblotting showing GSDMD protein measured in HuREC cell lysates after the indicated treatments. 

Right Panel. Bar histograms quantifying GSDMD immunoreactivity assessed in 4 different experiments 

and normalized by their relative actin. *P<0.05 when compared to NG; ^p<0.05 when compared to MSU 

and #p<0.05 when compared to MSU or HG alone, n=4. 

 

Production of mature (cleaved) IL-1  is the final by-product of NLRP3 inflammasome leading to 

sterile inflammation. Mature IL-1  expression can be assessed in cell supernatants by ELISA assay. Figure 

11 shows the results of our ELISA assay measuring IL-1  levels in supernatants of HuREC exposed to 

MSU, HG, and MSU+HG. The obtained data show that mature (secreted) IL-1 were found to be 

significantly increased in comparison to control (NG) in all treatment conditions. However, the stimulation 

of the cells with HG in combination with MSU resulted in a further increase (more than 4-fold in 

comparison to NG).  
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Figure 11. IL-1  in supernatants of HuREC 

exposed to MSU and HG. Bar histograms 

quantifying IL-1  measured in supernatants of 

HuREC exposed to MSU, HG and MSU+HG. IL-1b 

levels, expressed as pg/ml supernatant, were 

measured in 4 different preparations. *P<0.05 when compared to NG; #p<0.05 when compared to MSU or 

HG alone, n=4. 

 

The sum of the obtained data for aim 1 confirm that MSU and HG can promote sterile inflammation in 

HuREC by activating the NLRP3 inflammasome. Most importantly, MSU had a potentiating effect when 

combined with HG. 

 

(Results relevant to Aim 2)  

We tested different batches of HuRPE between passages 4-7. All the treatments were extended for 48 hours. 

 

Effect of MSU on the expression of TLR4 in HuRPE 

As previously discussed, increased expression of TLR4 is the first step of initiating sterile 

inflammation through the induction of NLRP3 inflammasome. As shown in Figure 12, we found that TLR4 

protein levels, measured by Western blotting, did not change when HuRPE were treated with MSU alone, 

but augmented in response to HG conditions. When HuRPE were treated with HG+MSU, TLR4 

immunoreactivity increased even higher than HG. The bar histograms, depicted on the right panel of Figure 

12, quantifying the optical density values normalized with the equal loading control (actin), confirmed that 

HG alone increased TLR4 expression of about 2-folds as compared to MSU alone and NG (control). 
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However, when HuRPE were treated with HG+MSU conditions, TLR4 expression was about 3-folds higher 

than NG and 1-fold greater than HG alone. 

 

Figure 12. TLR4 expression in HuRPE exposed to MSU and HG. Left panel. Immunoblotting showing 

TLR4 protein immunoreactivity measured from HuRPE cell lysates after treatments with MSU, HG and 

MSU+HG. Right Panel. Bar histograms quantifying TLR4 immunoreactivity measured in 4 different set of 

experiments and normalized by their corresponding actin. *P<0.05 when compared to NG or MSU alone 

and #p<0.05 when compared or HG alone, n=4. 

 

Effect of MSU on the expression of TXNIP and NLRP3 in HuRPE 

In HuRPE exposed to the same experimental conditions as HuREC, we also measured the 

expression levels of NLRP3 protein as an indication of the activation of the NLRP3 inflammasome. As 

shown in Figure 13, western analysis of HuRPE cell lysates show that NLRP3 protein levels increased in 

response to clinically relevant doses of HG but not MSU. However, treatment of the cells with a 

combination of HG and MSU drastically upregulated the expression of NLRP3. Quantification of the 

optical density of the specific bands by Image J, and normalization of the obtained values against the equal 

loading actin, confirmed the observed results and indicated that HG augmented NLRP3 protein levels about 

2 folds compared to NG or MSU alone, whereas MSU+HG treatment further increased its expression to 

more than 3 folds. These data confirm that MSU potentiates HG-stimulation of NLRP3 inflammasome in 

HuRPE.  



 24 

 

 

Figure 13. NLRP3 expression in HuRPE exposed to MSU and HG. Left panel. Immunoblotting showing 

NLRP3-specific immunoreactivity from cell lysates of HuRPE stimulated with different treatment 

conditions. Right Panel. Bar histograms quantifying NLRP3 immunoreactivity measured in 4 different set 

of experiments and normalized by their relative actin. *P<0.05 when compared to NG or MSU; #p<0.05 

when compared to MSU or HG alone, n=4. 

 

We also measured the effects of MSU and HG on the expression pattern of TXNIP in HuRPE. The 

results of our analysis, shown in Figure 14, indicate that HG but not MSU alone stimulate a significant 

increase in TXNIP expression (~ 4 folds versus NG). However, when MSU is combined with HG, the 

expression of TXNIP is further increased (~7 folds versus NG). These data further confirm the effects of 
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HG and HG+MSU in promoting HG-induced TXNIP expression and induction of NLRP3 inflammasome 

and sterile inflammation in HuRPE.  

 

Figure 14. TXNIP expression in HuRPE exposed to MSU and HG. Left panel. Representative 

immunoblotting showing TXNIP expression pattern measured in HuRPE cell lysates after different 

treatments. Right Panel. Bar histograms quantifying TXNIP immunoreactivity measured in 4 different 

experiments and normalized by their relative actin. *P<0.05 when compared to NG or MSU; #p<0.05 when 

compared to HG alone, n=4. 

 

Effect of MSU on GSDMD expression and IL-1  secretion in HuRPE 

We also determined the effects of HG and MSU on GSDMD expression by western blotting, and 

IL-1  by ELISA, in HuRPE after stimulation with MSU and HG. In Figure 15 is depicted a representative 

immunoblotting for GSDMD showing an increase of this protein’s immunoreactivity in HuRPE when 

exposed to HG but not MSU alone. Additionally, in HuRPE treated contemporaneously with HG and MSU, 

GSDMD protein levels further increased. Optical density data were quantified from four different 

experiments and normalized against their corresponding actin (equal loading control). The data confirmed 

increase of GSDMD in HG versus NG or MSU alone (0.5-fold) and 2-fold increase in response to 

HG+MSU treatment.  

 

 

 

 

 

 

Figure 15. GSDMD expression in HuRPE exposed to MSU and HG. Left panel. Representative 

immunoblotting showing GSDMD protein measured in HuRPE cell lysates after the indicated treatments. 
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Right Panel. Bar histograms quantifying GSDMD immunoreactivity assessed in 4 different experiments 

and normalized by their relative actin. *P<0.05 when compared to NG; #p<0.05 when compared to MSU 

or HG alone, n=4. 

 

Finally, we conducted ELISA assay to measure IL-1  levels in supernatants of HuRPE exposed to 

MSU, HG and MSU+HG as shown in figure 16. The obtained data show that mature (secreted) IL-1 levels 

were found to be significantly increased in response to all the treatment conditions. However, the 

stimulation of the cells with HG in combination with MSU further increased the expression levels of this 

cytokine to more than 5-fold than the control (NG). 

 

Figure 16. IL-1 levels in supernatants of HuRPE 

exposed to MSU and HG. Bar histograms quantifying 

IL-1  measured in supernatants of HuRPE exposed to 

MSU, HG and MSU+HG. IL-1  levels, expressed as 

pg/ml supernatant) were measured in 4 different 

preparations. *P<0.05 when compared to NG; #p<0.05 when compared to MSU or HG alone, n=4. 

The sum of the results obtained from this set of experiments showed that in HuRPE, MSU alone 

does not promote sterile inflammation by activating the NLRP3 inflammasome. However, it does 

significantly potentiate the effects of HG.  

 

Discussion/Conclusions  

Diabetic retinopathy (DR) is a common complication of diabetes mellitus and the leading cause of 

blindness among working-age adults. The incidence of diabetes is predicted to affect over 400 million 

people worldwide by 2030. More than 60% of these individuals will develop some form of visual 

impairment within 15 years of disease onset and about 25% of them will be declared legally blind [1,2]. 
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Presently, there is no real cure for DR. The identification and validation of new risk factors will help to 

identify new diagnostic and therapeutic targets to ultimately prevent vision loss in diabetic patients.  

For this project, I studied the molecular basis of inflammation in DR by determining the role of 

MSU in stimulating sterile inflammation in retinal blood vessels and the pigmented epithelium cells. 

Cellular models were employed to investigate the effects of diabetes and asymptomatic hyperuricemia in 

promoting sterile inflammation in REC and RPE. REC and RPE share barrier functions and the presence 

of MSU transporters (unpublished data). 

Hyperglycemia promotes chronic subclinical inflammation which in turn causes tissue injury and 

development of complications. DR results from inflammation to the microvasculature and the neuroretina 

[2-4]. An increase of uric acid in the bloodstream or in the retinal tissue causes its precipitation as crystals 

of MSU, which is a pro-inflammatory factor able to activate sterile/metabolic inflammation by stimulating 

the production of inflammatory cytokines such as IL-1 (11-13). 

Despite its pro-inflammatory effects, there is no real evidence that MSU alone can cause injury to 

the retina and promote retinopathy. For example, in patients suffering gout, a disease characterized by very 

high circulating levels of uric acid (and MSU), retinopathy is not clinically investigated or reported with 

high frequency. This has led to our working hypothesis that hyperglycemia/diabetes increases sensitivity to 

MSU in the diabetic retina. 

The results of my studies in HuREC showed that MSU could significantly up-regulate constituents 

of the NLRP3-inflammasome, and most importantly, exert significant potentiating effects on HG-induced 

sterile inflammation. This was confirmed by the observed up-regulation of TLR4, NLRP3 and IL-1 protein 

levels in treated cells. Consistent with these results, we also found increased levels of GSDMD, a known 

player in the secretion of IL-1  and pryoptosis [11-13] and of TXNIP, an established contributor to redox 

and metabolic (glucidic stress) and DR [14-15]. 

Interestingly, we also found that HG stimulated sterile inflammation in HuRPE. HuRPE cells which 

form the outer retinal barrier, together with HuREC, which form the inner retinal barrier, are key regulators 

of retinal tissue homeostasis. Previously, Dr. Bartoli’s laboratory found that, like REC, RPE express 
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different urate (MSU) transporters (data not shown). The results obtained in these HuRPE, however, show 

that MSU alone cannot promote NLRP3 inflammasome. Instead, MSU can significantly potentiate the 

effects of HG.  

The result of these studies correlates with previous data that have been reported from Dr. Bartoli’s 

lab from experiments on streptozotocin-induced diabetic rats (22). In these studies, hyperglycemia was 

found to increase serum and vitreous levels of UA (22). Their data also showed an upregulation of 

constituents of the NLRP3 inflammasome, including NLRP3, TLR4, and IL-1β, which was halted by UA-

lowering drugs, such as allopurinol and benzbromarone (22). Further studies on retinal microglial cells and 

uric acid transporters in the retina are warranted to further confirm the inflammatory role of MSU in DR. 

 Overall, my studies demonstrate that MSU plays a role in contributing and potentiating the 

inflammatory processes stimulated by HG/diabetes, leading to retinal tissue injury and progression of DR. 

The data collected provide sufficient evidence to suggest that asymptomatic hyperuricemia should be 

considered a risk factor for DR development and progression, and should be frequently monitored in 

diabetic patients. The results of my studies also suggest that uric acid-lowering drugs, such as allopurinol, 

should be considered to prevent DR induction or progression to advanced stages. This necessitates the 

realization of large clinal studies to validate the use of allopurinol and monitoring of uricemia levels in 

diabetic patients as preventative measures against DR progression. The current cost of uric acid testing kits 

is as low as $60 for 50 lancets. Therefore, monitoring uric acid levels may present a cheap and effective 

means of identifying diabetic patients at risk for DR. 
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Glossary 

Microvasculature: of, relating to, or constituting the part of the circulatory system made up of minute 

vessels (such as venules or capillaries) that average less than 0.3 millimeters in diameter 

Apoptosis: the mechanism responsible for the physiological deletion of cells and appears to be intrinsically 

programmed 

Microaneurysms: outpouchings on the blood vessels caused by the loss of pericytes and damaged 

endothelium resulting from hyperglycemia.  

Hard exudates: are leaked lipoproteins caused by the loss of integrity of the blood vessels (capillaries). 

Cotton wool spot: spotting seen on the retina around areas of capillary occlusions. 

Capillaropathy: degeneration of the blood vessels 

Macular edema: retinal thickening caused by extensive capillary leakage or leakage from 

microaneurysms. Fluid accumulation in the outer layer of the macula lutea that results from intraocular or 

systemic insults. 

Leukostasis: Abnormal intravascular leukocyte aggregation and clumping  

Angiogenesis: the formation and differentiation of blood vessels 

Fundus: the interior surface of the eye including the retina, macula, fovea, blood vessels, optic disc and 

blood vessels.  

Photocoagulation: a surgical process of coagulating tissue by means of a precisely oriented high-energy 

light source (such as a laser) 

Pericytes: a cell of the connective tissue about capillaries or other small blood vessels critical in maintaining 

vessel integrity, angiogenesis, and vascular remodeling. 

Diapedesis: migration of neutrophils into the infected tissue through the capillary wall  

Purines: bases of the DNA nucleotides called adenine and guanine. They are in also found in some food 

such as live, kidney, sea food. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.online-medical-dictionary.org/definitions-l/leukocytes.html
https://www.online-medical-dictionary.org/definitions-v/vascular-remodeling.html
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