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The Ubiquitin–Proteasome System and 
Microvascular Complications of Diabetes
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The ubiquitin–proteasome system (UPS) is the mainstay of protein quality control 
which regulates cell cycle, differentiation and various signal transduction pathways 
in eukaryotic cells. The timely and selective degradation of surplus and/or aberrant 
proteins by the UPS is essential for normal cellular physiology. Any disturbance, delay 
or exaggeration in the process of selection, sequestration, labeling for degradation 
and degradation of target proteins by the UPS will compromise cellular and tissue 
homeostasis. High blood glucose or hyperglycemia caused by diabetes disrupts normal 
vascular function in several target organs including the retina and kidney resulting in 
the development of diabetic retinopathy (DR) and diabetic nephropathy (DN). We and 
others have shown that hyperglycemia and oxidative stress modulate UPS activity in 
the retina and kidney. The majority of studies have focused on the kidney and provided 
insights into the contribution of dysregulated UPS to microvascular damage in DN. 
The eye is a unique organ in which a semi-fluid medium, the vitreous humor, separates 
the neural retina and its anastomosed blood vessels from the semi-solid lens tissue. 
The complexity of the cellular and molecular components of the eye may require a 
normal functioning and well tuned UPS for healthy vision. Altered UPS activity may 
contribute to the development of retinal microvascular complications of diabetes. A 
better understanding of the molecular nature of the ocular UPS function under normal 
and diabetic conditions is essential for development of novel strategies targeting its 
activity. This review will discuss the association of retinal vascular cell UPS activity 
with microvascular damage in DR with emphasis on alterations of the PA28 subunits 
of the UPS.
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INTRODUCTION

The ubiquitin-proteasome system (UPS) is the 
main pathway for regulation of protein turnover 
and biological function in the eukaryotic cells. It 
governs a wide variety of regulatory pathways, 
from cell-cycle control and transcription to 

development. The UPS comprises various types of 
components encoded by several hundred genes. 
These cover proteins involved in monitoring 
protein structure, detection, labeling and 
degradation of target proteins, and proteins that 
regulate the catalytic activity of the proteasome. In 
general, during conventional ubiquitination, the 
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8.5 kDa ubiquitin protein is covalently conjugated 
to any target protein that ultimately determines 
its stability by UPS. Besides regulating the target 
protein turnover or clearance by the proteasomes, 
ubiquitination of some proteins regulates non-
proteolytic processes such as endocytosis, protein 
localization/targeting, complex assembly and 
regulation of the duration and intensity of 
signaling by effector molecules.1-2

The grinder UPS machinery comprises 
a barrel-shaped 20S proteolytic core particle 
(CP) with 28 subunits complemented with 
either the 19S regulatory complex comprising 
19 individual proteins and/or the 11S regulatory 
heptamers (Fig. 1). The proteolytic sites of the 
core particle are housed and concealed within the 
proteasome barrel, which guarantees inertness 
of the proteolytic activity. Thus, in the absence 

Figure 1. Organization and assembly of mammalian proteasomes. A) The 20S proteasome or core protein (CP) is 
formed by the illustrated stacking assembly of a and β subunits making a 28-subunit catalytic barrel. B) Binding of 19S 
proteasome regulators to both ends of the CP generates the 26S proteasome. 26S proteasome is specialized in ATP-
dependent degradation of ubiquitinated proteins. C) Binding of heptameric 11S proteasome regulators (PA28, 3a/4β) 
or PA28-g (not shown) to both ends of the CP results in proteasome formations specialized in non-ATP dependent 
degradation of non-ubiquitinated short peptides. D) Simultaneous binding of 11S and 19S proteasome regulators to 
CP results in hybrid proteasome formation. Hybrid proteasomes are poorly studied but are suggested to be involved 
in ATP-dependent degradation of non-ubiquitinated proteins.68
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of the regulatory subunits, the 20S complex is 
considered as an inherently repressed enzyme. 
Accessibility and delivery of target proteins for 
degradation within the 20S barrel relies on the 
function of proteasome regulators. Selection 
of target proteins for ubiquitination and 
degradation is accomplished by the specificity 
of the ubiquitin ligases (E2 and E3 enzymes). 
This selection is balanced by interplays among 
different chaperons, ubiquitin ligases, ubiquitin 
ligase adapter proteins and target substrates.

For protein degradation, ubiquitinated 
substrates will primarily dock onto the 
proteasome at its 19S regulatory particle 
mediated by various ubiquitin receptors. 
Ubiquitinated substrates will be subsequently 
transferred into the internal pore of the CP, where 
they are hydrolyzed. Substrate translocation into 
the CP requires its ATP-dependent tethering 
into the CP channel allowing the unfolding 
of the substrate. The 19S regulatory subunit is 
comprised of six distinct ATPases assembled in 
a ring complex, which drives unfolding as well 
as translocation of the substrate. Entry of the 
target proteins into the CP requires removal of 
the ubiquitin tags, which is mediated by activity 
of the deubiquitinating enzymes (DUBs). The 
proteolytic function of the CP is endowed by 
β-type subunits (β1, β2, and β5) of the inner 
surface of the chamber formed by two abutting 
β rings. These subunits are members of the 
N-terminal nucleophile (Ntn) hydrolase family 
and essentially possess a single residue active 
site that is located on the N-terminal threonine 
of each proteolytic subunit. Each active site 
has specificity for cleavage of a broad range of 
target peptide sequences. Thus, based on their 
preference to cleave within specific residues, the 
β1, β2 and β5 subunits are classified to account 
for caspase-like, trypsin-like and chymotrypsin-
like catalytic activities.3-4

RETINAL UPS AND ITS REGULATION BY 
OXIDATIVE STRESS

The mammalian visual organ represents a very 
complex mixture of cells organized in the form of 
soft tissue (retina), semi-solid tissue (lens), and 
hard tissue (cornea). Each cellular component of 

the eye has distinct profiles of gene expression 
that are specifically linked to their physiology. 
The regulation of protein quality and proper 
turnover in these cells is critical for maintenance 
of healthy visual function, and is mainly 
mediated by the UPS. Known roles of UPS in 
the eye include regulation of development and 
differentiation, signal transduction, physiology, 
waste protein disposal and response to stress. 
The normal aging process and several stress 
related pathologies with subsequent deposition 
of the cytotoxic obsolete protein aggregates in 
ocular cells are associated with deficient UPS 
function in the eye. Aging and oxidative stress 
result in reduced proteasome peptidase activity 
in the retina, retinal pigment epithelium (RPE) 
cells and lens tissue, and are believed to account 
for the pathogenesis of age-related macular 
degeneration (AMD) and cataracts. The most 
widely studied role for UPS is regulating the 
differentiation of lens fiber cells and maintenance 
of lens clearance by controlling the quality 
and amount of the major lens proteins, the 
crystallins.5

In the retina, due to functional adaptation 
to light/dark visual cycles, regulation of protein 
turnover via ubiquitination follows a circadian 
pattern. Ubiquitin immunoreactivity in human 
and rodent eyes is detectable throughout all 
retinal cells with prominent intensity in retinal 
ganglion and RPE cells. Immunohistological 
detection of ubiquitin in dark-adapted rats 
revealed faint staining in the retina. In contrast, 
the light-exposed retina showed very strong 
immunoreactivity in cells occupying a region 
between the outer plexiform layer (OPL) 
and ganglion cell (GC) layer. The highest 
immunoreactivity was in undetermined cells 
within the OPL that resembled blood vessels.6-7 
The underlying reason for enhanced ubiquitin 
immunoreactivity in light exposed retina remains 
unknown. Enhanced oxidative stress, however, 
could provide a reasonable explanation.

The retina has the highest level of 
metabolic activity among different tissues, and 
contains high concentrations of easily oxidized 
polyunsaturated fatty acids (PUFA) in an oxygen-
rich environment.8 This renders the retina highly 
prone to damage induced by oxidative stress. 
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Oxidative stress is caused by an increase in the 
levels of reactive oxygen intermediates (ROI) 
generated as byproducts of mitochondrial 
respiration and/or spontaneous oxygenation 
of PUFA.9-10 Thus, an imbalance between the 
production of ROI and their elimination by 
the host’s defense antioxidant system results 
in oxidative stress. Indeed in photoreceptors, 
which are transducers of visible light signals, 
blue light promotes the generation of reactive 
oxygen radicals arising from mitochondrial 
electron transport.11 Elevated oxidative stress 
in the retina is believed to contribute to the 
pathogenesis of several eye diseases including 
AMD and DR.12-13

The initial steps in degradation of the 
cargo phototransduction proteins in rod-type 
photoreceptor outer segments require UPS 
activity.14 Shedding of photoreceptor outer 
segments is essential for normal physiology 
of photoreceptors and occurs in a circadian 
fashion. The take-up of retinal outer segments 
rich in oxidized long chain PUFA by RPE cells is 
postulated to promote oxidative stress and cell 
death resulting in the development of AMD.15 
Despite the normally high oxidizing potential of 
retinal tissue, there is limited knowledge on the 
role of the UPS under normal and pathological 
conditions of the retina.

A LINK BETWEEN NEURODEGENERATIVE 
DISEASES AND RETINAL UPS

Several neurodegenerative diseases including 
Parkinson, Alzheimer’s and Lewy body (LB) 
are linked to impairment of UPS activity. 
Interestingly some retinal lesions homologous 
to their CNS phenotypes also exist in patients 
with neurodegenerative conditions. However, 
the role of UPS in mediating the pathogenesis 
of these diseases requires further investigation.

β-amyloid (Aβ) plaque formation and 
intraneuronal accumulation of ubiquitin 
conjugates are the neuropathological hallmarks 
of Alzheimer’s disease (AD) and the Aβ peptide 
itself is known to be the 20S proteasome 
substrate.16-17 It is believed that in AD, 
proteasomal activity is inhibited by insoluble Aβ 
aggregates.18 Analysis of AD transgenic mouse 

model APP(SWE)/PS1(∆E9), which produces 
a mouse/human amyloid precursor protein, 
and a mutant human presenilin-1, revealed the 
deposition of Aβ plaques in the retina earlier 
than the brain.19 These findings demonstrate 
functional similarity between UPS activity in 
the CNS and retina, and also present the retina 
as a suitable model for studying the UPS in 
neurodegenerative conditions.

The formation of ubiquitin and SNCA/α-
synuclein-containing fibrillar aggregates, the 
LB, is the characteristic feature of Parkinson 
disease (PD). LB are heterogeneous aggregates 
composed of more than 90 proteins, including 
gene products implicated in PD. In PD, neuronal 
loss is found in predilection sites for LB, thus, LB 
formation is considered as a suitable marker for 
neurodegeneration. In addition to ubiquitin and 
α-synuclein as a proteasome substrate, parkin 
protein is also found in LB. Misfolded forms of 
the α-synuclein, aberrant parkin protein (caused 
by mutations in the PARK2 gene), and oxidative 
stress have causative roles in the pathogenesis of 
PD.20-21 Parkin is a RING E3 ubiquitin ligase and 
mutations in the PARK2 gene are reported in 
approximately 50% of patients with autosomal 
recessive PD, and in 10–15% of sporadic early 
onset cases of PD.22 PD patients with LB manifest 
various degrees of visual hallucinations.23 The 
relation between visual impairment and PD-
related genetic mutations are not well-known. 
However, altered immune localization of both 
a-synuclein and β-synuclein, as well as the 
presence of pale inclusions with unknown 
content and no similarity to LB, was reported in 
the retina from PD patients.24 Parkin is broadly 
expressed in the mammalian retina but its 
functional role, as well as other LB-associated 
proteins such as a-synuclein in the normal 
and PD retina, and their association with UPS 
activity awaits further investigation.25

UPS IN RENAL DISORDERS AND DIBETIC 
NEPHROPATHY

Proteasome dysfunction has also been implicated 
in the pathogenesis of several renal diseases. 
A myriad of genetic disorders with renal 
involvement including Liddle’s syndrome and 
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von Hippel-Lindau (VHL) disease are tied to 
UPS dysfunction.26 Other renal pathologies with 
or without an inherited pattern that are directly 
or indirectly regulated by UPS include ischemic 
acute renal failure, tubulointerstitial fibrosis, 
glomerulopathy in kidney transplants, class 
A immunoglobulin (IgA) nephropathy, lupus 
nephritis and DN.27-33 The last four conditions 
are prominently linked to immune cell response 
and affect the renal blood filtration units, the 
glomerulus. Due to the ameliorative effects 
of systemic proteasome inhibition in these 
renal pathologies, the ability to modulate UPS 
activity holds promise in battling the above 
nephropathies. The lesion sites for the above-
mentioned glomerulopathies mainly lie within 
the intraglomerular capillaries, especially 
the mesangial components of the glomeruli. 
Proteasome inhibitors have been demonstrated 
to improve mesangial appearance and function. 
We also have found that members of UPS, 
cullin-1, cullin-3 and the 11S proteasome 
regulators PA28-β and PA28-g are specifically 
up-regulated in intraglomerular capillaries of 
mice with established DN.27

The triggers promoting exclusive 
proteasome activation in glomerular capillaries 
and mechanisms by which this overactivation 
regulates downstream signaling events is 
yet unclear. The widely studied downstream 
pathway regulated by the UPS system and linked 
with the pathogenesis of DN is the Nuclear 
Factor-Kappa B (NF-kB) family of transcription 
factors. The NF-kB signaling pathway responds 
to a broad set of stress signals via activating 
the downstream NF-kB family of transcription 
factors. The canonical NF-kB pathway is 
activated by interaction of inflammatory 
mediators including TNF-a, IL-1β, and LPS 
(lipopolysaccharide) with their respective 
receptors allowing the phosphorylation of the 
inhibitor of -kB (IkB) kinase (IkK) complexes. 
Phosphorylation of IkBs by IKKB promotes its 
ubiquitination followed by proteasome-mediated 
degradation. The liberated NF-kB dimer then 
translocates into the nucleus and promotes 
transcription of target genes.34-35 Reportedly the 
specific inhibition of the proteasome with MG-
132 in experimental diabetes prevented NF-kB 

activation and DN. MG132 treatment of diabetic 
mice was associated with lower amounts of 
inflammation, proteinuria, basement membrane 
thickening and glomerular mesangial expansion, 
which are typical features of DN. 19, 36 These 
suggest that inhibition of UPS is sufficient to 
alleviate adverse effects of NF-kB activation on 
the development of DN.

PROTEASOME ACTIVATOR PA28 
COMPOSITION AND FUNCTION

The 11S regulatory subunits of the mammalian 
proteasome, also called REG, are ring-shaped 
conical heptameric complexes which associate 
with the CP of the proteasome. The 11S subunit 
proteins are 28-kDa PA28-a, -β, and-g (REG a, 
β, and g). The PA28-a and PA28-β genes are 
reversely oriented on the mouse chromosome 
14 with a gap of 6 kbp suggesting that they are 
derived from gene duplication of a common 
ancestral gene. The PA28-a and PA28-β genes 
are induced by interferon gamma (IFN-g) and 
their protein products share approximately 50% 
amino acid identity, while PA28-g is not induced 
by IFN-g.37-38 Although 11S regulatory subunits 
stimulate proteasome peptidase activity on short 
peptides, they do not stimulate degradation of 
large ubiquitinated or non-ubiquitinated protein 
substrates.

The PA28-a and PA28-β (PA28-a/-β) are the 
most extensively studied UPS REG proteins. The 
deletion of both PA28-a/-β genes in mice results 
in impaired processing and generation of certain 
antigenic epitopes by the proteasome.39 PA28-g, 
also called Ki antigen, shares 35% homology 
with the PA28-a/-β proteins. PA28-g was 
discovered as a major autoantigen in patients 
with lupus erythematosus.40 The precise role of 
PA28-g in regulating the proteasome activity 
is not well understood, with PA28-g null mice 
showing some defects in processing of certain 
antigens.41 Fibroblasts isolated from PA28-g 
null mice, however, showed impaired cell cycle 
progression and spontaneous apoptosis during 
logarithmic growth.42 The proteasome substrates 
for PA28-g-mediated degradation, which 
regulate cell cycle progression and apoptosis, 
remain unknown.
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The heptameric form of PA28-a/-β 
composed of 3 a and 4 β subunits (PA28-3a/4β), 
are proposed to be the common form of the 
11S REG in eukaryotic cells. Expression of the 
recombinant PA28-a in Escherichia coli results 
in heptameric complex formation, whereas 
expression of the recombinant PA28-β yields 
only monomers. However, co-expression of 
PA28-a with PA28-β results in formation of 
heptamers composed of 3 a and 4 β subunits with 
an approximate molecular weight of 194 kDa. 
There are functional differences in stimulating 
the peptidase activity of the 20S proteasome by 
PA28 proteins. The expression of PA28-a alone 
could moderately stimulate peptide-hydrolyzing 
activity. In contrast, isolated PA28-β subunits 
do neither associate with 20S proteasome nor 
stimulate peptide hydrolysis under identical 
conditions.43

The concurrent expression of both a and 
β isoforms, however, is concomitant with a 
marked increase in peptidase activity when 
compared to the homo-oligomers. Thus, 
the formation of the PA28-a/-β heptameric 
complex is required for optimal peptidase 
activity of the 20S proteasome.43 Biochemical 
studies indicated that PA28 does not directly 
activate the proteasome peptidase activity. 
Recent structural and biochemical analyses 
have revealed that PA28 accomplishes its task 
by facilitating substrate entry into the CP. This 
occurs through its binding to the outer α-rings 
of the 20S proteasome and inducing a change 
in the orientation of the N-terminal tail of 
CP α-subunits.44-46 It has been suggested that 
the 11S-regulated production of the peptide 
precursors (8-10 residues long) for antigen 
presentation is mediated through maintaining 
an open pore conformation of CP allowing 
facilitated entry of the substrate and peptide 
product exit from the proteasome. This results 
in reduced proteasome processivity allowing the 
release of longer peptides suitable for antigen 
presentation.47 As indicated, PA28-a/-β null 
mice are viable with no obvious anatomical and 
immunological defects, but lack the capacity to 
process specific substrates, the identity of which 
remains elusive. 48

The PA28 proteins are in high abundance 

in immune tissues. They are involved in the 
production of a certain subset of antigenic 
peptides for presentation by class I molecules 
of the major histocompatibility complex (MHC). 
Thus, the role of the 11S components of the 
proteasome was considered to be regulation 
of the immune response.49 However, it is now 
demonstrated that almost all cells and tissues, 
including the retina, express PA28-a/-β and 
their expression is not restricted to induction 
by IFN-g. Analysis of the promoter of the PA28-β 
gene in dendritic cells (DC) revealed a NF-kB 
binding site, which is strikingly absent from the 
PA28-a promoter.50 This differential capacity 
for induction by NF-kB transcription factors in 
DC suggests a disparate regulatory mechanism 
for expression or function of PA28-a or PA28-β 
genes in different cell types.

Non-immune related functions of the 11S 
proteins are largely unknown and require 
further clarification. However, TRAF6 (tumor 
necrosis factor receptor-associated factor 6), 
which is a RANK (receptor activator of NF-kB) 
adapter protein, has been suggested to be a 
non-antigenic protein substrate for PA28-a/-β.51 
TRAF6 is an E3 ubiquitin ligase and a member 
of the TRAF proteins which serve as adapter 
molecules coupling the tumor necrosis factor 
receptor (TNFR) super family to intracellular 
signaling events.52 PA28-mediated degradation 
of TRAF6 and regulation of the PA28-β protein 
by NF-kB proteins are suggestive of undisclosed 
functions for REG proteins in regulating cellular 
scenarios linked to inflammation.

PA28 IN MICROVASCULAR RESPONSES 
TO ELEVATED GLUCOSE LEVELS AND 
OXIDATIVE STRESS

Diabetes is a metabolic diseases caused by 
high blood glucose levels resulting in adverse 
complications in certain tissues in the form of 
DR, DN, neuropathy, non-healing foot ulcers, 
hearing impairment, and cardiovascular 
disorders. The majority of the deleterious 
complications of diabetes occur in organs 
with microvascular engagement including the 
retina and kidney. The retinal vasculature and 
renal intraglomerular capillaries, particularly 
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the perivascular supporting cells including 
pericytes/mesangial cells, are primarily affected 
by diabetic hyperglycemia. This is marked with 
loss of pericytes (PC) in the retinal vasculature 
and expansion of mesangial cells of the 
kidney with net outcome of retinal vascular 
rarefaction and renal failure in DR and DN,  
respectively.53

The underlying mechanism for the higher 
susceptibility of PC to high glucose compared 
to endothelial cells (EC) in retinal vasculature is 
not known. The in vivo effect of hyperglycemia 
in retinal vascular cells is recapitulated in vitro 
by showing that cultured retinal PC treated 
with high glucose (25mM-40mM) are highly 
susceptible to oxidative stress and cell death 
as compared to EC.54-55 The precise link between 
exposure to high glucose, its influence on UPS, 
and selective death of PC in the diabetic retina 
is unclear but the endoplasmic reticulum (ER) 
and oxidative stress are prime candidates for 

promoting cell death by apoptosis. High glucose 
treatment of PC induces ER stress, which in 
turn has the potential to impair proteasome 
activity.56-57 Alternatively, oxidative stress can 
impair UPS activity. Oxidative stress caused by 
hydrogen peroxide (H2O2) blocked proteasome 
activity and increased the levels of ubiquitinated 
proteins, thus linking oxidative stress to UPS 
modulation.58 We hypothesized that impaired 
or dysregulated proteasome activity in retinal 
PC, compared to EC, could account for their 
higher susceptibility to hyperglycemia mediated 
cytotoxicity.

Oxidative stress is closely linked to the 
regulation of proteasome’s proteolytic activity. 
The PA28-a/-β genes are involved in adaptation 
of the cellular response to oxidative stress by 
enhancing the degradation of oxidized proteins 
in cultured mouse fibroblasts.59 We recently 
showed that high glucose treatment resulted 
in increased levels of PA28-a/-β proteins in 

Figure 2. High glucose increased the stability of the PA28-β protein in cultured retinal pericytes (PC). (A-B) Real-time 
polymerase chain reaction (PCR) showing that high glucose treatment of retinal PC and endothelial cells (EC) results in 
modest or no change in transcript levels for either PA28-a or PA28-β. NIH3T3 cells were used as control for treatment 
with high glucose and PCR analysis. (C) Chase assay using protein synthesis inhibitor, cycloheximide (CHX) showing 
that treatment with high glucose for 5 days increased PA28-β stability. (D) Quantification of the Western blot for 
PA28-β by normalizing the ratio of PA28-β signal intensity to β-Actin. The percent change for the signal is represented 
above each bar.
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cultured retinal PC but not in EC. Real-time PCR 
and cycloheximide (CHX) chase experiments 
indicated that the rise in the levels of these 
proteins in PC was due to increased protein 
stability rather than increased transcription 
(Fig. 2). Thus, there are functional differences 
in the UPS response in retinal EC and PC under 
high glucose conditions.27

The explanation for the observed 
discrepancy in response to high glucose between 
EC and PC, in regard to oxidative stress and 

the modulation of PA28-a/-β proteins could 
potentially be due to their intrinsic differences 
in total UPS peptidase capacity. Indeed, using 
various fluorogenic peptide substrates to test 
proteasome’s chymotrypsin-like, trypsin-like 
and caspase-like peptidase activities in the 
absence and presence of ATP, we observed 
significantly higher proteasome peptidase 
activity in retinal EC as compared to PC (Fig. 3). 
Intriguingly, while high glucose reduced the 
chymotrypsin-like peptidase activity of the PC, it 

Figure 3. Cultured retinal endothelial cells (EC) have higher efficiency than pericytes (PC) to degrade proteasome 
substrates in vitro. (A) Proteasome peptidase activity in the absence of ATP. There is no significant difference in caspase-
like peptidase activity between PC and EC. The proteasome inhibitor, MG132 at 200 µM had lesser efficiency to block 
the caspase-like activity of PC compared to EC. EC, but not PC, showed significant reduction in caspase-like activity 
after high glucose. EC had almost two-fold higher trypsin-like peptidase capacity than PC. Both PC and EC showed 
reduced peptidase activity after high glucose. EC showed higher chymotrypsin-like peptidase activity than PC. High 
glucose moderately increased the peptidase activity in PC but significantly reduced it in EC. MG132 potently inhibited 
the chymotrypsin like activity for both PC and EC. (B) Peptidase activity in the presence of 0.5 mM ATP. EC show 
higher peptidase activity for all tested proteasome substrates compared with PC. PC have reduced chymotrypsin-like 
peptidase activity after high glucose treatment. MG132 treatment dramatically reduced chymotryptic activity of the 
proteasome. Sample replicates for all assays (n=6). P values are shown for low and high glucose treatment conditions. 
Error bars, mean ± standard error.
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increased the peptidase activity for all substrates 
in EC under high glucose conditions.27 The 
enhanced peptidase activity of retinal EC and 
reduced chymotrypsin-like peptidase activity in 
PC under high glucose conditions together with 
enhanced PA28-a/β levels only in PC is likely 
suggestive of less efficiency of PC to cope with 
high glucose-mediate cytotoxicity.

We have also demonstrated that similar 
to PC, retinal proteasome activity is subject to 
hyperglycemia-mediated modulation in vivo 
by showing enhanced levels of the PA28-a/-β 
proteins in retinas of mice with established 
diabetes. PA28-g protein expression was not 
detectable in normal or diabetic mouse retinas.27 
The increase in PA28-a/-β protein levels in both 
diabetic retinas and PC under high glucose 
conditions corresponded with elevated oxidative 
stress.60 PA28-a/-β proteins are regulated by 
nuclear factor erythroid 2- related factor 2 
(Nrf2) transcription factor. Nrf2 is an important 
component of responses to oxidative stress and 
regulates H2O2-induced expression of both PA28-
a/-β as well as other antioxidant genes.61 A likely 
explanation for the increased PA28 proteins in 
the retina and PC after hyperglycemia may be 
an adaptive response to assist with UPS activity 
to degrade certain substrates.

DYSREGULATION OF UPS IN DIABETIC 
NEPHROPATHY

The kidney is also a target of hyperglycemia 
and oxidative stress in diabetic patients. 
The prominent renal lesion is microvascular 
damage within the kidney filtration units or 
glomerulus resulting in mesangial expansion, 
hypercellularity and increased thickening of 
the glomerular basement membrane. Mesangial 
cells are specialized intraglomerular PC that 
provide a network of cells and fibers that 
support capillary loops in the glomerulus. 
Reduced or inefficient renal filtration capacity 
in diabetic patients necessitates dialysis or 
kidney transplantation.62 Due to the similar 
vulnerability to high glucose between retinal 
and intraglomerular PC, we investigated 
whether PA28-a/-β proteins were also elevated 
in the diabetic mouse kidneys. We found 

induction of the PA28-β/-g proteins together 
with Cullin-1 and Cullin-3 ubiquitin ligase 
proteins exclusively within the glomerular 
capillaries of diabetic mice with DN. Despite 
the fact that we could not differentiate the 
expression intensity of the 11S regulators in EC 
or PC of the glomerulus, the immunostaining 
signal for PA28 and Cullin proteins correlated 
with the severity of DN.27 Thus, hyperglycemia 
regulates UPS activity in vascular units of the 
glomerulus. Increased level of PA28 proteins 
in the glomerulus under DN conditions is also 
consistent with reported oxidative stress in 
DN and might play a protective role against 
oxidative damage.63-64

As PA28 proteasome regulators protect 
against oxidative stress, we anticipated that 
the increased levels of these proteins in the 
kidneys of mice with DN could ameliorate 
DN. However, this increase in intraglomerular 
capillaries of diabetic mice did not appear to 
protect against progression of DN. Thus, initial 
activation of PA28 proteins may protect against 
oxidative stress induced by hyperglycemia 
but their chronic activity could exacerbate the 
pathogenesis of DN. In agreement with the 
latter possibility, recent findings introduce 
proteasome inhibition as a potent target for 
amelioration of DN in experimental diabetic 
mouse models.19,65 However, the authors 
did not investigate whether retinal vascular 
integrity was maintained in mice with systemic 
proteasome inhibition. Based on similarity 
in the pathophysiology of DR and DN with 
exclusive PC damage, we predict that diabetic 
mice with systemic proteasome inhibition 
are protected against DR. This notion is 
supported by the highly significant correlation 
between DR and development of preclinical 
morphological changes of DN in the majority 
of type I diabetic patients.66 In addition, the 
incidence of DR is increased dramatically 5 
years before the onset of proteinuria in type1 
diabetes.67 Thus, presumably there is a shared 
susceptibility background for the pathobiology 
of both DR and DN. This overlap in DR and 
DN susceptibility necessitates evaluating the 
effects of proteasome inhibition in protection 
against DR lesions.
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVE

In summary, proteasome regulatory proteins, the 
PA28, have distinct yet unknown roles in regulating 
the response of PC and EC to hyperglycemia. 
Developing specific inhibitors against these 
proteins or characterizing their protein targets 
will be valuable in developing future therapies for 
DR and DN or other microvascular complications 
of diabetes. However, additional studies are 
needed to advance our understanding of cell 
specific regulation of UPS activity. After showing 
elevated PA28 protein levels in retinal PC with 
high glucose, and also in diabetic glomerular 
capillaries, it will be valuable to determine 
whether altered PA28 activity in PC or EC units 
of vasculature is responsible for developing DR or 
DN. Addressing this question requires analysis of 
genetically modified mice that allow conditional 
inactivation or over-expression of either PA28-
a/-β and PA28-g genes. These mouse models will 
allow cell-specific inactivation of targeted genes 
in EC or PC units of the vasculature after crossing 
with VE-Cadherin and PDGF-Rβ -Cre transgenic 
mice, respectively. Transgenic mice designed to 
temporally over-express the PA28 genes in PC or 
EC compartments of the vasculature will also allow 
us to determine the possible role elevated PA28 
proteins play in the development and progression 
of DR or DN. These studies will advance our 
knowledge regarding the role proteasome plays 
in maintaining tissues homeostasis and how its 
alterations contribute to the development and 
progression of diabetes complications.
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