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Abstract

Objective: This study aims to investigate the role of the hyperglycemia-induced increase in 

tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) in the ubiquitination and degradation 

of platelet endothelial cell adhesion molecule-1 (PECAM-1) in the diabetic retina.

Methods: Type-I diabetes was induced in rats by the injection of streptozotocin, with age-

matched non-diabetic rats as controls. Primary rat retinal microvascular endothelial cells were 

grown in normal or high glucose media for six days, or in normal glucose media for 24 

hours with addition of TNF-α and/or IFN-γ. PECAM-1, TNF-α, IFN-γ, and ubiquitin levels 

were assessed using western blotting, immunofluorescence, and immunoprecipitation assays. 

Additionally, proteasome activity was assessed both in vivo and in vitro.

Results: Under hyperglycemic conditions, total ubiquitination levels in the retina and RRMECs, 

and PECAM-1 ubiquitination levels in RRMECs, were significantly increased. Additionally, TNF-

α and IFN-γ levels were significantly increased under hyperglycemic conditions. PECAM-1 

levels in RRMECs treated with TNF-α and/or IFN-γ were significantly decreased. Moreover, 

there was a significant decrease in proteasome activity in the diabetic retina, in hyperglycemic 

RRMECs, and in RRMECs treated with TNF-α or IFN-γ.

Conclusion: TNF-α and IFN-γ may contribute to the hyperglycemia-induced loss of PECAM-1 

in retinal endothelial cells, possibly by upregulating PECAM-1 ubiquitination.
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Introduction

Hyperglycemia is a causative and independent factor that can affect the homeostasis of 

retinal vascular endothelial cells, and can trigger mechanisms leading to the development 

of diabetic retinopathy (DR) 1. DR is a major complication of diabetes, and the leading 

cause of blindness among working-age adults worldwide 2, 3. Hyperglycemia-induced 

microvascular alterations are a hallmark of DR, which include an increase in vascular 

permeability 4, microaneurysms 5, cotton-wool spots 6, abnormal neovascularization 7, and 

capillary blockage8. The molecular mechanisms leading to the development of DR are still 

under investigation, including the hyperglycemia-induced loss of platelet endothelial cell 

adhesion molecule-1 (PECAM-1), a protein that plays essential roles in the maintenance and 

proper function of the endothelium.

PECAM-1 is a cell surface protein that belongs to the immunoglobulin (Ig) superfamily 

with an immunoreceptor tyrosine-based inhibitory motif (ITIM) domain 9. The structure of 

PECAM-1 consists of six extracellular Ig domains, a short transmembrane domain, and a 

large and complex cytoplasmic tail 10. PECAM-1 is highly expressed on endothelial cells, 

as well as on platelets, neutrophils, monocytes, and some T-cells 10. Moreover, multiple 

mechanisms by which endothelial cells are regulated, maintained, and enabled to perform 

their function involve PECAM-1, such as cell-to-cell adhesion 11, maintenance of the 

blood barrier 12–14, leukocyte transmigration 15–17, cell survival 18–20, mechanotransduction 
18, 21–23, angiogenesis 24, and endothelial cell signaling 25–27. Therefore, a loss of 

PECAM-1 can have detrimental effects on endothelial cell integrity and function.

Hyperglycemia can activate multiple signaling pathways and cellular mechanisms that can 

participate in DR pathogenesis, including inflammation 28, 29. Inflammation is a process 

by which a response to an injury or stress is initiated via complex signaling cascades. The 

identification of DR as an inflammatory disease has been recognized due to the multiple 

inflammatory processes involved in the development and progression of the disease 29, 30. 

The binding of pathogens or advanced glycation end products (AGEs) to their receptor can 

trigger the synthesis of inflammatory molecules that have detrimental effects on the vascular 

endothelium31. Moreover, studies have reported the upregulation of multiple inflammatory 

cytokines and chemokines, including tumor necrosis factor-α (TNF-α) 32, 33 and interferon-

γ (IFN-γ) 33, in the vitreous and plasma of diabetic patients and animal models.

TNF-α and IFN-γ are potent proinflammatory cytokines that participate in the inflammatory 

response of DR. TNF-α is expressed initially as a transmembrane protein, and upon its 

cleavage, is released into the plasma forming a homotrimer that is its active form34, 35. 

Studies have revealed a role for TNF-α in the blood-retinal barrier (BRB) breakdown and 

cellular apoptosis that occur in diabetic conditions in the retina 36. Moreover, TNF-α can 

regulate the gene expression of a plethora of proteins that are involved in inflammation and 

apoptosis 37, and is achieved through the complex signaling pathways initiated when TNF-α 
interacts and binds with its receptors, TNFR1 and TNFR2 34, 37. IFN-γ is a pleiotropic, 

N-glycosylated, homodimer cytokine that has immunomodulatory, antiviral, and antitumor 

functions38, 39. In addition, IFN-γ can regulate the gene expression of proteins involved in 

inflammation and immunity via its interaction with the IFN-γ receptor, and the activation 
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of the Jak-STAT1 signaling pathways 40, 41. Furthermore, IFN-γ has been shown to increase 

endothelial cell permeability via the activation of p38 MAP kinase and the rearrangement of 

the actin cytoskeleton 42.

TNF-α and IFN-γ have been shown to decrease PECAM-1 expression at the transcriptional 

level 43–47. However, to our knowledge, no reports have investigated the posttranslational 

regulation of PECAM-1 under hyperglycemic conditions in the retina, or the role of 

inflammatory mediators in this process. We have recently reported in the diabetic rat retina 

a loss of PECAM-1 48 and decreased PECAM-1/β-catenin interactions49, with a possible 

cleavage of PECAM-1 by matrix metalloproteinases (MMPs). Additionally, we observed 

decreased PECAM-1 levels in the plasma of diabetic rats 48, which partially could occur 

due to intracellular degradation via the ubiquitin-proteasome pathway. The current study was 

conducted to examine the posttranslational modification of PECAM-1 in retinal endothelial 

cells under hyperglycemic conditions, and the role that inflammatory mediators have in this 

process.

Methods

Animals

Male Wistar rats (Envigo, Indianapolis, IN, purchased at 100-120 g) were used in a model 

of type I diabetes, and were provided food and water ad libitum. The experimental protocols 

used in this study were approved by the Institutional Animal Care and Use Committee of 

LSUHSC-Shreveport.

Animal model of type I diabetes in rats

Age-matched rats were injected intraperitoneally with either vehicle (sodium citrate buffer, 

control) or streptozotocin (STZ, diabetic, Sigma-Aldrich, St. Louis, MO), 30 mg/kg/day, 

for three consecutive days 48, 50, 51. Glucose levels and body weight were monitored, and 

hyperglycemia was defined as rats having a non-fasting glucose value of >300 mg/dl, 

with control rats having a non-fasting glucose value of ~150 mg/dl. Eight weeks post 

STZ injections, rats were anesthetized with ketamine/pentobarbital (100 and 50 mg/kg, 

respectively); femoral artery cannulations were used for blood collection, and eyes were 

enucleated to collect retinas for further analysis. To collect plasma, blood was centrifuged at 

10,000 g for 10 minutes, at 4 °C, and plasma was collected and stored at −80 °C until used.

Cell culture and treatments

For in vitro experiments, primary rat retinal microvascular endothelial cells (RRMECs, 

Cell Biologics, Chicago, IL) were grown under either normal glucose conditions (NG, 

5 mM), high glucose conditions (HG, 25 mM), or with mannitol as an osmolar control 

(20 mM mannitol + 5 mM glucose), for six days using Dulbecco’s modified eagle media 

(DMEM) containing 10% fetal bovine serum. For cytokine treatments, TNF-α (20 ng/ml, 

MilliporeSigma, Burlington, MA) and IFN-γ (30 ng/ml, MilliporeSigma, Burlington, MA) 

were added to confluent RRMECs grown under NG conditions for 24 hours. For treatment 

with MMPs, MMP-2 and MMP-9 (R&D Systems, Minneapolis, MN) were activated using 

4-aminophenylmercuric acetate (APMA, Sigma-Aldrich, St. Louis, MO) prior to their use. 
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Briefly, MMP-2 and MMP-9 were incubated (1 hour or 8 hours, respectively) in 2.5 mM 

APMA at 37 °C, after which, activated MMP-2 (at 50, 100, 200, and 400 ng/ml), or MMP-9 

(at 50, 100, 200, and 500 ng/ml) were added to confluent RRMECs grown under NG 

conditions for 24 hours.

In vitro apoptosis assay

Apoptosis in RRMECs treated with TNF-α and/or IFN-γ was determined using the Annexin 

V-FITC and propidium iodide (PI) apoptosis assay kit according to the manufacturer’s 

instructions (abcam, Cambridge, MA). Briefly, RRMECs were plated on glass coverslips, 

and at 100% confluency were treated with the cytokines at the indicated concentration 

for 24 hours. Samples were then incubated with 0.5 μg/ml Annexin V-FITC and 2 μg/ml 

PI for 5 minutes at room temperature in the dark. Cells were washed with the Annexin 

V binding buffer provided by the kit and fixed with 4% paraformaldehyde. Mounting 

media containing DAPI was added, and the cells were imaged using a NIKON E600FN 

fluorescent microscope and analyzed using ImageJ (NIH). As a positive control for 

apoptosis, staurosporin (1 μM) was added to confluent RRMECs for 4 and 8 hours, followed 

by the apoptosis assay. Additionally, permeabilized and fixed cells were stained with PI to 

show positive labeling of nuclei.

Western blotting

For western blot analyses, RRMECs or retinas were collected in ice-cold 

radioimmunoprecipitation assay (RIPA, Sigma-Aldrich, St. Louis, MO) buffer with the 

addition of protease inhibitors (Sigma-Aldrich, St. Louis, MO). Protein concentrations were 

assessed using the bicinchoninic acid assay (BCA, Thermo Fisher Scientific, Waltham, 

MA). Laemmli buffer was added to samples under reducing and denaturing conditions, 

and equal amounts of protein were loaded on 8-12% SDS-polyacrylamide gels. Proteins 

were transferred into nitrocellulose membranes, blocked with a blocking buffer (Protein 

free block, Thermo Fisher Scientific, Waltham, MA), and primary antibodies were added 

overnight at 4 °C (PECAM-1, 1:1500; Santa Cruz Biotechnology, Dallas, TX; TNF-α, 

1:1000; Bioss antibodies, Woburn, MA; IFN-γ, 1:1000; abcam, Cambridge, MA). HRP-

conjugated secondary antibodies (Jackson ImmunoResearch, 1:10000, West Grove, PA) 

were added for one hour at room temperature. An internal housekeeping protein was 

used to ensure equal loading and proper transfer (β-actin, 1:5000; Sigma-Aldrich), and 

plasma samples were normalized to total protein using a Ponceau total protein stain (Sigma-

Aldrich). A ChemiDoc XRS gel imaging system (Bio-Rad, Hercules, CA) was used to 

detect the specific bands, and the bands were quantified by densitometry using ImageJ 

(National Institutes of Health (NIH), Bethesda, MD, USA).

Plasma levels of IFN-γ

The levels of IFN-γ in plasma collected from control (non-diabetic) and diabetic rats were 

determined using rat IFN-γ quantikine® enzyme-linked immunosorbent assay (ELISA) 

(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.
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Immunofluorescence (IF) labeling

RRMECs were fixed with ice-cold methanol for 5 minutes, permeabilized using 0.1% 

Triton-X100 in phosphate buffered saline (PBS), and blocked with 5% bovine serum 

albumin (BSA) and 10 % FBS for one hour at RT. The anti-PECAM-1 antibody (1:100) 

was added to the cells, and incubated at 4 °C overnight. Fluorescently labeled secondary 

antibodies (1:1000) were added for one hour at room temperature, and a mounting medium 

containing DAPI (Vector Labs, Burlingame, CA, USA) was used. Images were taken with 

a NIKON E600FN fluorescent microscope and analyzed using ImageJ (NIH)52. Secondary 

antibody staining without a primary antibody was used to ensure specificity.

In vitro protein ubiquitination assay

Retinas and RRMECs were collected and lysed in a cold lysis buffer (50 mM Tris-HCl, 

150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, PH 7.6) containing protease 

inhibitors (Sigma, St. Louis, MO). The primary antibody for the protein of interest was 

incubated with SureBeads magnetic beads (Bio-rad, Hercules, CA) for 10 minutes at room 

temperature. Equal amounts of retinal or cellular lysate were added to the antibody-beads 

complex and incubated for 1 hour at room temperature. Immunocomplexes were washed 

and resuspended in 1X Laemmli buffer by heating the sample to 75 °C for 15 minutes, and 

were subjected to SDS-PAGE western blot analysis. Ubiquitin was detected by incubating 

the membranes with an anti-ubiquitin antibody (Enzo-life Sciences, Farmingdale, NY), and 

blots were further incubated with an antibody against the protein of interest to act as an 

assay efficiency and loading control.

In silico analysis of MMP cleavage sites

The predicted cleavage sites of TNF-α by MMPs were identified using a Protease 

Specificity Prediction Server (PROSPER; Monash University, Victoria, Australia 53). A 

rat TNF-α protein amino acid sequence (UniProt Consortium, Wellcome Trust Genome 

Campus, Hinxton, UK) was used to confirm TNF-α as a substrate for MMPs.

Proteasome activity assay

RRMECs grown under NG and HG conditions, and retinas from non-diabetic and 

diabetic rats, were collected in 0.5% NP-40 lysis buffer without the addition of protease 

inhibitors. Cells and retinas were homogenized, centrifuged at 16,000 g at 4 °C for 15 

minutes, and the supernatants were collected. Proteasome activity under hyperglycemic 

conditions was assessed in the retinas and RRMECs using a proteasome activity assay kit 

(abcam) following the manufacturer’s protocol. Fluorescence was measured with an Epoch 

microplate spectrophotometer (BioTek Instruments, Winooski, VT), with the addition or 

absence of an MG132 proteasome inhibitor included with the kit.

Statistical analysis

Statistical comparisons were conducted using GraphPad Prism software (La Jolla, CA). 

Student t-tests or one-way analysis of variance (ANOVA) followed by Student-Newman-

Keuls post-hoc correction were performed to compare the means of groups. P < 0.05 was 

considered statistically significant, and the data presented express the mean ± standard error.
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Results

The inflammatory mediators TNF-α and IFN-γ are upregulated under hyperglycemic 
conditions

Studies have suggested a role for inflammation in the pathogenesis and progression of 

DR. TNF-α and IFN-γ are potent inflammatory mediators that participate in initiating the 

inflammatory response, and lead to the deleterious effects on endothelial cell homeostasis 

and function37, 54, 55. TNF-α levels did not change when comparing non-diabetic and 

diabetic retinas, from whole retinal homogenates (Figure 1A). However, TNF-α western 

blot mean band intensities were significantly increased in the plasma collected from diabetic 

rats (120% increase, p<0.05, Figure 1B) and in RRMECs (46% increase, p<0.05, Figure 

1C) grown under hyperglycemic conditions. Additionally, IFN-γ western blot mean band 

intensities from diabetic retinal tissues, and plasma IFN-γ concentrations collected from 

diabetic rats, were significantly increased (by 35% and 224%, respectively, p<0.05, Figure 

2A, 2B) when compared to retinal tissues and plasma collected from control rats. Moreover, 

IFN-γ western blot mean band intensities were significantly increased in RRMECs grown 

under HG and mannitol treatment conditions (by 80% and 42%, respectively, Figure 2C). No 

statistical significance was found between HG and mannitol treatments in TNF-α and IFN-γ 
levels in RRMECs (Figure 1C, 2C).

MMP-2 but not MMP-9 increases TNF-α levels

The cleavage of TNF-α and its release to the plasma is an important step of its activation34, 

and could possibly be performed by MMPs. We have previously reported upregulated 

MMP-2 and MMP-9 levels in RRMECs grown under hyperglycemic conditions 48. Thus, 

we wanted to investigate whether the increase in MMPs can affect TNF-α expression. 

Treating RRMECs with MMP-2 (50-400 ng/ml, 24 hours) significantly increased active 

TNF-α western blot mean band intensities (by > 2-fold increases, p<0.05, Figure 3A); 

however, MMP-9 treatment did not modulate active TNF-α levels in RRMECs (Figure 3B). 

Moreover, we performed an in silico analysis to identify possible MMP cleavage sites on 

TNF-α (PROSPER), and identified possible cleavage sites for MMP-2, MMP-3 and MMP-9 

(Figure 3C).

PECAM-1 levels are significantly decreased with TNF-α and IFN-y treatments

To study the effects of TNF-α and IFN-γ treatments on PECAM-1 levels in retinal 

endothelial cells, confluent RRMECs in normoglycemic media were treated with TNF-α 
(5, 10, 20, and 50 ng/ml) for 24 hours, with a significant loss of PECAM-1 observed at the 

20 and 50 ng/ml concentrations (Figure 4A). Additionally, TNF-α (20 ng/ml), IFN-γ (30 ng/

ml), or a combination of both cytokines were added to RRMECs in NG media for 24 hours. 

PECAM-1 mean band intensities were significantly decreased with TNF-α treatment (40% 

decrease, p<0.05), IFN-γ treatment (57% decrease, p<0.05), TNF-α and IFN-γ combined 

treatment (55% decrease, p<0.05), as well as in RRMECs grown under HG conditions (50% 

decrease, p<0.05) (Figure 4B). Moreover, immunofluorescence staining of RRMECs treated 

with TNF-α, IFN-γ, or both, showed a decrease in PECAM-1 intensity, with the effects of 

TNF-α and IFN-γ not additive (Figure 4C). To investigate whether PECAM-1 loss was due 

to apoptosis56 with cytokine treatments, we performed an apoptosis assay using the Annexin 
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V-FITC PI kit, and found no change between the treated and untreated RRMECs (Figure 

5A), with positive controls shown in Figure 5B.

PECAM-1 ubiquitination levels are significantly increased under hyperglycemic conditions

Ubiquitination of proteins is an important posttranslational regulatory mechanism by which 

ubiquitin is added to a protein by a multi-step enzymatic action57. Polyubiquitinated proteins 

can then be targeted for degradation by proteasomes. Total protein ubiquitination was 

significantly increased in the diabetic retina when compared to controls (37% increase, 

p<0.05, Figure 6A), and in RRMECs grown under HG or mannitol treatment (by 39% 

and 22%, respectively, p<0.05, Figure 6B). Moreover, PECAM-1 ubiquitination levels were 

significantly increased in RRMECs grown under HG conditions (81% increase, p<0.05, 

Figure 6C).

The treatment of RRMECs with TNF-α or IFN-γ significantly increases total ubiquitination 
and PECAM-1 ubiquitination levels

Inflammation can trigger several mechanisms leading to endothelial cell dysfunction. 

Therefore, we investigated whether the inflammatory mediators TNF-α or IFN-γ can induce 

the ubiquitination of proteins, including PECAM-1, in RRMECs. As shown in Figure 7A, 

total ubiquitination levels were significantly increased in RRMECs treated with TNF-α 
(22% increase, p<0.05), IFN-γ (28% increase, p<0.05), or both (20%, p<0.05). Additionally, 

PECAM-1 ubiquitination was significantly increased in RRMECs treated with TNF-α or 

IFN-γ (Figure 7B).

Retinal proteasome activity is significantly decreased under hyperglycemic and 
inflammatory conditions

Proteins that are modified with ubiquitin can become targeted for degradation by 

proteasomes. Previous studies have shown a decreased activity of proteasome 20S under 

hyperglycemic conditions in the kidney 58. To investigate the effect of hyperglycemia on 

proteasome activity in the retina and RRMECs, retinas collected from diabetic rats were 

subjected to a proteasome activity assay, where a significant decrease in proteasome activity 

was found when compared to non-diabetic retinas (81% decrease, p<0.05, Figure 8A). 

Moreover, RRMECs grown under HG conditions had a significantly lower proteasome 

activity than in RRMECs grown under NG conditions (73% decrease, p<0.05, Figure 8B), 

with similar decreases with the inflammatory cytokines TNF-α, IFN-γ, or both combined in 

NG conditions (50%, 66%, and 80% decrease, respectively, p<0.05, Figure 8B).

Discussion and conclusion

Diabetic retinopathy is a disease in which hyperglycemia-induced alterations in the retinal 

vasculature lead to retinal dysfunctions; these alterations include an increase in vascular 

permeability, endothelial cell dysfunction, alterations in endothelial cell signaling, and 

leukocyte plugging. Interestingly, a loss of PECAM-1 has been shown to contribute to 

similar pathways, that is, increased vascular permeability 13, endothelial cell apoptosis 
19, 59, inhibition of leukocyte transmigration 44, 60, and altered endothelial cell signaling 
21, 27, 56, 61. A loss of PECAM-1 from retinal endothelial cells under hyperglycemic 
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conditions has been reported previously, in retinas collected from diabetic db/db mice 62, 

and in retinal endothelial cells grown under HG conditions (25 mM, 72 hours) 63. However, 

these two reports did not determine the mechanism of the loss. In a recently published 

study from our lab, we investigated the molecular mechanisms of PECAM-1 loss in retinas 

collected from type 1 diabetic rats, and in RRMECs grown under hyperglycemic conditions, 

and found a possible role for MMPs, particularly MMP-2, in the hyperglycemia-induced loss 

of PECAM-1 from retinal endothelial cells 48.

One of the novel findings we reported in our previous study was that the mediators 

responsible for PECAM-1 loss may in part be circulating in the diabetic plasma, as 

treatments of RRMECs with plasma collected from diabetic rats led to a significant decrease 

in PECAM-1 levels 48. Moreover, circulating full-length PECAM-1 levels were significantly 

decreased in the diabetic plasma, which could indicate a cleavage-independent decrease 

in PECAM-1 48 through a different mechanism, mediated possibly by the inflammatory 

mediators TNF-α and IFN-γ. Additionally, we have shown in our previous study the 

effect of various osmolar solutions on PECAM-1 levels (mannitol, sodium chloride, or 

dextran), and saw a partial decrease in PECAM-1 levels with each. In this report, with 

mannitol as osmotic control in vitro, we found a trend for increased expression of TNF-α, 

and IFN-γ levels and total ubiquitination levels were significantly increased in RRMECs. 

Plasma hyperosmolarity can result from increased blood glucose levels in diabetes64–66, and 

this change in osmolarity can initiate multiple pathological pathways and inflammation64. 

Multiple inflammatory cytokines such as TNF-α, IL6, IL1β, and IL8 are upregulated with 

hyperosmolar stress64, thus, the interplay between hyperglycemia, hyperosmolar stress, and 

inflammation could be an important pathway contributing to PECAM-1 loss and endothelial 

dysfunction in DR.

In this current study, we investigated whether inflammation can affect PECAM-1 levels in 

the diabetic retina by possibly inducing its posttranslational modification via ubiquitin and 

its subsequent degradation by proteasomes. To our knowledge, no reports have investigated 

the posttranslational modifications of PECAM-1 under hyperglycemic conditions in the 

retina, or how inflammation can mediate this process. Thus, our study provides the 

following novel findings: (1) PECAM-1 ubiquitination levels were significantly increased 

in RRMECs grown under HG conditions; (2) TNF-α and IFN-γ treatments significantly 

decreased PECAM-1 levels in RRMECs accompanied by a significant increase in PECAM-1 

ubiquitination; (3) MMP-2 significantly increased TNF-α levels in RRMECs; and (4) 

proteasome activity in the retina and RRMECs were significantly decreased under 

hyperglycemic and inflammatory conditions, which as discussed later, could lead to an 

accumulation of ubiquitinated PECAM-1.

The increase in TNF-α and IFN-γ levels observed in the diabetic plasma and hyperglycemic 

RRMECs indicate a glucose-induced inflammatory response. Previous studies have 

suggested DR as an inflammatory disease after observations in the diabetic retina that 

included leukocyte accumulation67, increased vascular permeability, altered vascular flow, 

and increased ICAM-1 immunoreactivity28. Additionally, the loss of retinal PECAM-1, 

which can protect endothelial cells from an inflammatory response 68, 69, can further 

enhance the inflammatory insult. Interestingly, our data demonstrate an increase in 
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active TNF-α levels in RRMECs treated with MMP-2, which in turn, is increased by 

hyperglycemia. TNF-α has been shown previously to modulate the levels of MMPs 70, 71; 

however, the role of MMPs in the regulation of TNF-α levels in retinal endothelial cells is 

poorly understood. Additionally, since enzymatic cleavage of TNF-α is an important step for 

its activation, the role of MMPs in this process was investigated. Studies have demonstrated 

the processing of pro-TNF-α by MMPs to produce the mature TNF-α 72, 73. We have 

identified several cleavage sites of TNF-α by MMP-2, MMP-3, and MMP-9 using in silico 

analysis. This finding could explain the increase in the levels of active TNF-α upon MMP-2 

treatment, and suggests a mechanism by which MMP-2 could cleave the pro-form of TNF-α 
to produce the active form. Additionally, since there are possible predicted MMP-9 cleavage 

sites on TNF-α, but no increase in its active level with MMP-9 treatment, potential cleavage 

by MMP-9 may not be effective in producing active TNF-α.

The ubiquitin-proteasome system (UPS) is a principal and highly regulated system for 

protein degradation and turnover. Misfolded and abnormal proteins are cleared by the UPS; 

thus, it prevents the accumulation of harmful proteins in the cell, which could lead to 

proteotoxicity and cell death. The addition of multiple residues of ubiquitin, a 76 amino 

acid polypeptide, to proteins by a multistep enzymatic process targets these proteins for 

degradation 57. Additionally, UPS is important in the inflammatory response, where it 

participates in the activation of nuclear factor kappa B (NF-κB), and the regulation of 

inflammatory genes 74. Although the UPS has been implicated in neurodegenerative diseases 

such as Alzheimer’s disease and Parkinson’s disease 75, and in cancer 76, its role in DR 

has not been fully understood. Angiotensin II, which is upregulated in the diabetic retina 
77, has been shown to promote the downregulation of synaptophysin, a major protein that is 

expressed heavily at the synaptic vesicles in the two plexiform layers of the retina, and has 

important roles in visual signal transmission 78 via synaptophysin-mediated ubiquitination 

and subsequent degradation 79. Thus, UPS dysfunction can contribute to the development 

and progression of DR, possibly via downregulating proteins that are important to retinal 

function and health.

TNF-α has been shown to induce the ubiquitination of connexin43 in human corneal 

fibroblasts, leading to its downregulation via the UPS pathway 80. The mechanism by which 

TNF-α can promote the ubiquitination and subsequent degradation of proteins is not fully 

understood. We hypothesize that TNF-α and/or IFN-γ alters PECAM-1 ubiquitination and 

protein levels possibly via NF-κB activation, or via improper folding of PECAM-1 due to 

endoplasmic reticulum (ER) stress as a result of inflammation; however, further studies need 

to be conducted to fully understand the mechanisms involved.

We have identified multiple possible PECAM-1 ubiquitination sites, such as lysine 384, 

by performing an in silico analysis using UbPred, a software that predicts possible 

ubiquitination sites in protein sequences81. Moreover, a recent study has identified 

PECAM-1 as a target for the anaphase-promoting complex cadherin-1 E3 ubiquitin ligase82, 

with ubiquitination possibly leading to the targeting of PECAM-1 to be degraded by 

proteasomes. Interestingly, our data indicated a decrease in proteasome activity under 

hyperglycemic conditions, and with the treatments of TNF-α and/or IFN-γ. Studies have 

suggested that the hyperglycemia-induced decrease in proteasome activity in the kidney 
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is a result of the 20S proteasome subunit modification by AGEs 58. However, no studies 

have investigated the effect of hyperglycemia and prolonged TNF-α or IFN-γ exposure 

on RRMEC proteasome activity. The decrease in proteasome activity accompanied by 

an increase in PECAM-1 ubiquitination can lead to the accumulation of ubiquitinated 

PECAM-1 in RRMECs, which can affect its cellular function by inducing proteotoxicity. 

It should be noted, however, that although a decrease in proteasome activity was observed 

in our study, protein degradation is unlikely to be eliminated. Our assay used to assess 

proteasome activity utilized the chymotrypsin-like activity of the 20S subunit, which 

contains three catalytic sites that degrade different protein residues 83: (1) the chymotrypsin-

like catalytic site that cleaves large hydrophobic protein residues; (2) the trypsin-like 

catalytic site that degrades smaller basic protein residues; and (3) the caspase-like catalytic 

site that degrades acidic protein residues. Our data indicated a decrease in the chymotrypsin-

like activity of the proteasome under hyperglycemic and inflammatory conditions; however, 

further studies need to be conducted to investigate the effect of hyperglycemia and 

inflammation on the other two catalytic sites. In addition to the ubiquitin-proteosome 

pathway, a second pathway for the degradation of dysfunctional proteins is the lysosome-

autophagy pathway, which is a highly regulated mechanism that eliminates aggregated or 

aggregation-prone proteins from the cell to prevent oxidative and metabolic stress84. Studies 

have shown that endothelial cells can utilize this mechanism under various pathological 

states85, 86. Thus, it is important to investigate the various possible mechanisms for 

PECAM-1 degradation, and how they may promote the progression of DR.

In conclusion, we have found a significant increase in PECAM-1 ubiquitination in the 

diabetic retina and in RRMECs grown under hyperglycemic conditions that could explain 

its loss in the diabetic retina and RRMECs. Moreover, TNF-α and IFN-γ, which were 

upregulated in the diabetic retina and plasma and in hyperglycemic and hyperosmolar 

RRMECs, significantly decreased PECAM-1 levels, which is possibly due to increased 

ubiquitination and subsequent degradation of PECAM-1. Thus, we have identified a 

novel mechanism of hyperglycemia-induced PECAM-1 loss in retinal endothelial cells via 

the ubiquitin-proteasome pathway, with a possible role for the inflammatory mediators 

TNF-α and IFN-γ in this mechanism. The hypothesized mechanism for the role of 

HG and inflammation on PECAM-1 ubiquitination is summarized in Figure 9. The role 

of the hyperglycemia-induced release of cytokines in the diabetic retina on PECAM-1 

ubiquitination, and the possible subsequent degradation, can also occur to other important 

proteins in the retina, and can be an important mechanism by which hyperglycemia can 

induce damage to the retina. Thus, the study and understanding of this mechanism and its 

consequences can provide therapeutic targets by which the pathogenesis and progression of 

DR can be controlled at an early stage.
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Perspective:

The hyperglycemia-induced increase in the inflammatory mediators TNF-α and IFN-

γ may play a role in PECAM-1 loss in the diabetic retina, possibly by increasing 

the ubiquitination and degradation of PECAM-1. These findings can provide a better 

understanding of the mechanisms by which PECAM-1 is being lost from the diabetic 

retina, and can provide improved therapeutic targets for the management and treatment of 

DR.
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Figure 1. TNF-α levels under hyperglycemic conditions.
TNF-α levels in retinas, plasma, and RRMECs were determined using western blotting 

techniques. A) TNF-α levels in retinas collected from diabetic rats were not altered when 

compared to retinas collected from non-diabetic rats. However, there was a significant 

increase in TNF-α levels in plasma (B) collected from diabetic rats when compared 

to controls. C) TNF-α in RRMECs grown under hyperglycemic (HG) conditions had 

significantly higher levels when compared to RRMECs grown under NG conditions, and no 

significant change observed with mannitol (Man). Western blotting data is a comparison of 
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the relative TNF-α/β-actin or TNF-α/total protein (Plasma) band densities.*p<0.05, N=5-7 

per group in vivo and N=3 per group in vitro.
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Figure 2. IFN-γ levels under hyperglycemic conditions.
IFN-γ levels were significantly increased in retinas and plasma collected from diabetic 

rats (A, B) and in RRMECs grown under hyperglycemic conditions (HG) and mannitol 

(Man) (C) when compared to controls. Western blotting data is a comparison of the relative 

IFN-γ/β-actin band densities. *p<0.05, N=5-7 per group in vivo and N=3-6 per group in 

vitro.
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Figure 3. MMP-2, but not MMP-9, increased TNF-α in RRMECs.
A) TNF-α levels were significantly increased in RRMECs treated with MMP-2, but no 

change in TNF-α levels (B) was observed in RRMECs treated with MMP-9. C) In silico 

analysis (Prosper) to predict TNF-α cleavage sites by MMPs revealed cleavage sites for 

MMP-2, MMP-3, and MMP-9. Western blotting data is a comparison of the relative TNF-

α/β-actin band densities.*p<0.05, N=3 per group.
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Figure 4. TNF-α and IFN-γ significantly decreased PECAM-1 levels in RRMECs.
A) TNF-α (5, 10, 20, 50 ng/ml) treated RRMECs (24 hours) had a significant PECAM-1 

loss at 20 and 50 ng/ml. B) TNF-α (20 ng/ml) and IFN-γ (30 ng/ml) treatments for 24 

hours significantly decreased PECAM-1 levels in RRMECs, as did hyperglycemia (HG) 

following 6 days of treatment. C) Representative immunostaining images showing decreased 

PECAM-1 levels with TNF-α and IFN-γ treatments. D) Quantification of PECAM-1 

fluorescence intensity with TNF-α and IFN-γ treatments. Western blotting data is a 
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comparison of the relative PECAM-1/β-actin band densities. Scale bar = 50 μm, *p<0.05, 

N=3 per group.
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Figure 5. TNF-α and IFN-γ treatment on RRMECs did not induce apoptosis
A) Apoptosis assays (propidium iodide (PI) and annexin V) of RRMECs treated with 

TNF-α and IFN-γ showing no change from non-treated (NT) cells. B) Positive controls for 

apoptosis. C) Quantification of propidium iodide (PI) fluorescence intensity with TNF-α and 

IFN-γ treatments. D) Quantification of annexin V fluorescence intensity with TNF-α and 

IFN-γ treatments. Scale bar = 50 μm, *p<0.05, N=3 per group.
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Figure 6. Total ubiquitination and PECAM-1 ubiquitination levels were significantly increased 
under hyperglycemic conditions.
Western blot analyses showed a significant increase in total ubiquitination levels in the retina 

(A) and RRMECs (B) under hyperglycemic conditions and mannitol (Man) when compared 

to cells grown under normoglycemic (NG) conditions. C) PECAM-1 ubiquitination levels 

were significantly increased in RRMECs grown under hyperglycemic (HG). Western 

blotting data is a comparison of the relative ubiquitin/β-actin band densities. *p<0.05, 

N=11-12 per group in vivo and N=3-6 per group in vitro.
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Figure 7. TNF-α and IFN-γ treatments significantly increased total and PECAM-1 
ubiquitination levels in RRMECs.
A) Total ubiquitination levels in RRMECs treated with TNF-α or IFN-γ were significantly 

increased. B) PECAM-1 ubiquitination levels were significantly increased with TNF-α 
or IFN-γ treatments in RRMECs. Western blotting data is a comparison of the relative 

ubiquitin/β-actin band densities. *p<0.05, N=3 per group.
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Figure 8. Proteasome activity is decreased under hyperglycemic and inflammatory conditions.
A) Proteasome activity in retinas collected from non-diabetic and diabetic rats expressed 

as relative fluorescent units (RFU). B) Proteasome activity in RRMECs grown under 

hyperglycemic conditions, or treated with TNF-α, IFN-γ or both. *p<0.05, N=4-5 per group 

in vivo and N=3 per group in vitro.
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Figure 9. 
A graphical representation of the possible mechanisms involved in hyperglycemia-induced 

inflammation and PECAM-1 ubiquitination and degradation.
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