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Abstract The endoplasmic reticulum (ER) is the primary
cellular compartment where proteins are synthesized and
modified before they can be transported to their destination.
Dysfunction of the ER impairs protein homeostasis and
leads to the accumulation of misfolded/unfolded proteins
in the ER, or ER stress. While it has long been recognized
that ER stress is a major cause of conformational disorders,
such as Alzheimer's disease, Huntington's disease, certain
types of cancer, and type 2 diabetes, recent evidence sug-
gests that ER stress is also implicated in many chronic
inflammatory diseases. These diseases include irritable bowel
syndrome, atherosclerosis, diabetic complications, and many
others. Diabetic retinopathy is a common microvascular com-
plication of diabetes, characterized by chronic inflammation,
progressive damage to retinal vascular and neuronal cells, vas-
cular leakage, and abnormal blood vessel growth (neovascula-
rization). In this review, we discuss the role and mechanisms of
ER stress in retinal inflammation and vascular damage in dia-
betic retinopathy.
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Introduction

Diabetes has been recognized as a major epidemic disease
worldwide [1]. A recent study reveals that the global prev-
alence of diabetes has increased dramatically over the past
three decades from 153 million in 1980 to 347 million in
2008 [2]. The rising prevalence of diabetes has caused a
consequential increase of long-term diabetic complications
such as retinopathy, nephropathy, and neuropathy. Diabetic
retinopathy (DR) is one of the most common microvascular
complications of diabetes, and it is the major cause of vision
loss with higher incidence and more severe risk when com-
pared to other diabetes-related ocular complications, such as
fluctuation of visions, cataract, and glaucoma [3]. It has
been shown that almost 100% of type 1 diabetic patients
and more than 60% of type 2 diabetic patients develop DR
during the first two decades of diabetes [3], and approxi-
mately 12,000-24,000 diabetic subjects lose their sight each
year as a result of DR [4]. In the USA, DR is the most
frequent cause of blindness in the working-age population.
According to The Eye Diseases Prevalence Research Group,
in adult diabetic patients, the estimated crude prevalence
rates for retinopathy and vision-threatening retinopathy are
40.3% and 8.2%, respectively [5, 6], and 50% of all patients
with untreated proliferative retinopathy will lose their sight
within 5 years [7]. Furthermore, it is estimated that half of
all Hispanic/Latino American with diabetes have DR [8]. As
a consequence, DR is among the major visual disorders that
cause substantial economic burden due to the significant
loss of productivity. In 2006, the annual direct medical costs
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for Americans age 40 and older with DR was estimated to
be $490 million [9]. It is clear that DR is a serious sight-
threatening disease with considerable impact on both the
patients and the society; however, an effective treatment for
DR is currently not available. A potential cause is our lack
of understanding of the pathogenic mechanisms by which
diabetes induces damage to retinal cells. Recent studies
demonstrate that dysfunction of the endoplasmic reticulum
(ER), or ER stress, is implicated in the pathogenesis of
diabetes and its complications [10—13]. In this review, we
will summarize the recent progress in the research of ER
stress and inflammation, with a focus on the association of
ER stress and vascular damage in DR.

Diabetic retinopathy: rathophysiology and inflammation

DR is a major complication of diabetes that is characterized by
damage to the retinal vasculature, retinal neuronal degenera-
tion, and impaired distribution of blood supply to retinal tissue
[14]. Diabetic macular edema (DME) resulting from the
breakdown of the blood-retinal barrier (BRB) and uncon-
trolled retinal neovascularization (NV) are major causes of
vision loss in DR. The BRB is composed of two spatially
distinct barriers: (1) the inner barrier is located primarily at the
tight junction between adjacent endothelial cells (EC); (2) the
outer barrier is formed primarily by retinal pigment epithelial
cells (RPE). Breaching the BRB in diabetes is thought to be an
early event in the disease as leakage is found in numerous
animal models by vastly different methods shortly after the
onset of diabetes (reviewed by Gardner [15]). The increased
permeability of retinal blood vessels results in the leakage of
plasma macromolecules and fluid into the retina. In addition,
damage to the outer BRB integrity, as observed in diabetic
animals, may allow blood contents to diffuse from the outer
BRB into the neural retina, contributing to increased retinal
thickness [16]. The consequent edema of retinal tissue, which
can be clearly visualized by optimal coherence tomography, if
occurring in the central retina (macula), can cause significant
impairment of the central vision in diabetic patients.
Aberrant blood vessel growth in the retina (retinal NV) is
a hallmark of proliferative DR caused by retinal ischemia
secondary to massive retinal capillary dropout. Studies dem-
onstrate that apoptosis of retinal vascular cells occurs within
1 month of hyperglycemia in diabetes animal models
[17-19], and preceded histological evidence of retinopathy
in diabetic patients [18]. The loss of pericytes is one of the
earliest changes in the diabetic retina resulting in dilation of
capillaries and the formation of microaneurysms, which is
observed as the first clinical sign of DR. The death of retinal
EC results in the occlusion of capillaries and the ischemia of
retinal tissue. This in turn induces the overexpression and
overproduction of proangiogenic cytokines, such as vascular
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endothelial growth factor (VEGF), which stimulate retinal NV
in an attempt to restore blood supply and to improve oxygen-
ation in the retina. However, the abnormal structure of these
new blood vessels often leads to hemorrhage and leakage of
plasma proteins into the retina or vitreous consequently com-
promising the vision.

Besides vascular damage, recent studies suggest that loss
of retinal neural cells is another critical component of DR,
and it may occur independent of vascular injury [20]. Nota-
bly, apoptosis of ganglion cells and photoreceptors have
been observed in early diabetes in animals [20]. Damage
of retinal glial (Miiller and astrocytes) cells by diabetes was
also reported [21, 22]. In diabetic patients, the decrease in
retinal nerve fiber layer thickness is detected even in those
without retinopathy [23]. Furthermore, the structural damage
of retinal neurons is associated with deficits in retinal func-
tions such as abnormalities in the electroretinogram [24] and
loss of contrast sensitivity [25]. Protection of retinal neurons is
an important strategy to preserve and improve the visual
function of diabetic patients with DR.

While hyperglycemia is the primary etiological factor for
DR, compelling evidence shows that inflammation plays an
important role in the BRB breakdown as well as retinal cell
death caused by diabetes [26, 27]. In diabetic patients and
animal models of diabetes, expressions of inflammatory
mediators, such as VEGF, tumor necrosis factor-alpha
(TNF-«), monocyte chemoattractant protein-1 (MCP-1),
interleukin-13 (IL-1f3), interleukin 6 (IL-6), intercellular
adhesion molecule-1 (ICAM-1), and other such mediators
are increased in the retina or vitreous [26—-28]. Significantly
elevated VEGF levels correlated with the severity of vascu-
lar leakage in diabetic patients with DME [27]. The upre-
gulation of VEGF is also responsible for retinal hyper-
permeability in streptozotocin (STZ)-induced diabetic rats
[29]. Inhibition of TNF-x or ICAM-1 expression or activity
significantly reduced retinal leukostasis and vascular leak-
age in animal models of diabetes and uveitis [26, 29-31].
Pharmaceutical inhibition of TNF-« also effectively attenu-
ated retinal cell apoptosis and reduced acellular capillary
formation in diabetic rodents [32]. These findings strongly
suggest a causal role of inflammation in BRB breakdown
and vascular damage.

In addition to inflammation, several mechanisms have
been identified to play a critical role in the development
and progression of DR. These mechanisms include the
polyol pathway, diacylglycerol-protein kinase C pathway,
oxidative stress, and changes in macromolecule structure
and function via the formation of advanced glycation end
products [33]. It has been shown that hyperglycemia and the
disturbed metabolism in diabetes increases production of
reactive oxygen species resulting in oxidative damage to
retinal cells [34]. Relative to other tissues, the retina has
the highest metabolic rates, oxygen uptake, and glucose
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oxidation, and the retina is rendered highly susceptible to
oxidative stress (reviewed by Kowlulu and Chan [34]).
Administration of anti-oxidants or the NADPH oxidase
inhibitor diphenyleneiodonium attenuates retinal inflamma-
tion and vascular leakage in rodents with diabetes; thus, this
suggests that oxidative stress is a potential regulator of
inflammatory response in DR [35]. In addition, increased
oxidative stress also contributes to retinal basement mem-
brane thickening and capillary cell apoptosis, both of which
are central features of vascular pathology in DR [34].

ER stress and the unfolded protein response: cellular
function and inflammation

The endoplasmic reticulum is the primary intracellular organ-
elle responsible for protein folding, maturation, and trafficking
[36, 37]. The ER consists of a network of folded membranes
in which secretory and most membrane proteins are synthe-
sized, post-translationally modified, and folded into their cor-
rect three-dimensional conformations. Only properly folded
(mature) proteins can be transported to the Golgi apparatus for
further processing. In addition, the ER also serves as a
dynamic pool of calcium, governing the intracellular calcium
homeostasis [38]. Other major functions of the ER include
lipid and steroid hormone synthesis, carbohydrate metabo-
lism, and drug detoxification. Importantly, compelling evi-
dence indicates that the ER is one of the major machinery
involved in sensing subtle environmental changes and cellular
stresses, coordinating signaling pathways, and modulating
cell function and cell survival. Various physiological and
pathological circumstances such as excessive mutant proteins,
viral infection, energy or nutrient deprivation, as well as
alteration in the redox status can compromise the ER capacity
in protein folding, resulting in the accumulation of unfolded or
misfolded proteins in the ER lumen, or ER stress. In turn,
misfolded proteins aggregate to form insoluble intracellular or
extracellular deposit which is toxic to the cell. It has been
demonstrated that a number of age-related diseases, such
as Alzheimer’s diseases; inflammatory disorders, such as dia-
betes; and neurodegenerative diseases, such as Parkinson’s
disease, are associated with the buildup of misfolded or
unfolded protein aggregates [39—42]. To eliminate the toxic
protein components, cells activate an adaptive mechanism that
consists of a number of intracellular signaling pathways,
collectively known as unfolded protein response (UPR). The
UPR relieves ER stress and restores the protein homeostasis
through three complementary strategies: (1) halt the genera-
tion of more unfolded proteins by suppression of protein
translation; (2) induce ER-related molecular chaperones to
promote refolding of the unfolded proteins; and (3) activate
the ER-associated protein degradation (ERAD) system to
remove the unfolded proteins.

There are three branches of UPR that are initiated by
distinct ER stress transducers located on the ER membrane:
PKR-like endoplasmic reticulum kinase (PERK) [43],
inositol-requiring enzyme 1 (IRE1) [44, 45], and activating
transcription factor 6 (ATF6) [36]. In an unstressed condi-
tion, each of these three proteins is bound to a molecule
called glucose-regulated protein 78 (GRP78), also known as
immunoglobulin binding protein (Bip) [46, 47]. An accu-
mulation of unfolded/misfolded proteins in the ER pulls
GRP78, which is itself a chaperon protein, away from these
three proteins triggering the activation of the UPR [48]. In
eukaryotic cells, UPR is an adaptive cellular response to
activate chaperon proteins to help correctly fold the mis-
folded proteins. It also attenuates translation of proteins to
prevent further accumulation of misfolded proteins in the
ER, and, as well, the UPR promotes the degradation of
proteins through ERAD [49]. If ER stress becomes over-
whelmed and the UPR fails to restore the normal function of
the ER, it will signal the cell to enter apoptosis [50, 51]

(Fig. 1).
The IRE1-UPR branch

There are two different IRE1 proteins in mammalian cells,
IREl1 and IRE1(, both of which can participate in the ER
stress response. Upon activation during ER stress, IRE1
acquires the activity of an endoribonuclease, and slices the
mRNA of X-box binding protein 1 (XBP1) to generate a
new transcription factor, spliced XBP1. XBP1 is widely
held as a master regulator of the adaptive response to ER
stress, and it is responsible for the activation and induction
of many ER-related molecular chaperones like GRP78,
facilitating protein folding and promoting cell recovery from
ER stress. Importantly, our recent study indicates that XBP1
regulates inflammatory response in retinal EC [14]. We
demonstrated that loss of XBP1 results in an increase in
ICAM-1 and VCAM-1 expression. These adhesion mole-
cules are key mediators of leukocyte adhesion, which dis-
rupts the tight junctions in the retina leading to vascular
leakage and endothelial apoptosis in DR. In addition, cells
deficient in XBP1 are more susceptible to inflammation-
induced cell death suggesting that XBP1 protects cells from
apoptosis during ER stress [52]. Interestingly, in addition to
its function as an endoribonuclease, IRE1 can form a com-
plex with tumor necrosis factor-associated factor 2 (TRAF2)
[53], which recruits apoptosis signal-regulating kinase 1
(ASKI) and activates the JNK pathway [54]. IRE1-
dependent JNK activation is implicated in inflammatory
response and signaling for apoptosis [55]. It has been shown
that loss of XBP1 induces increased JNK activation through
regulation of IRE1 phosphorylation, which may contribute,
at least in part, to its protective effect on inhibition of
inflammation and apoptosis.
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Unfolded or misfolded proteins

Inflammation
Apoptosis

Fig. 1 ER stress-driven UPR signal pathways in inflammation and
apoptosis. Accumulation of unfolded and misfolded proteins in the ER
lumen (ER stress) is sensed by three ER membrane proteins (ER stress
transducers)—IRE1, PERK, and ATF6. In response to ER stress,
GRP78 dissociates from ER stress transducers and binds to unfolded
and misfolded proteins, resulting in the activation of ER stress trans-
ducers. Upon activation, IRE1 splices the mRNA of XBP1 and pro-
duces an active transcription factor named spliced XBP1 (XBP1-S).
The activation of PERK increases phosphorylation of elF2«x leading to
a global attenuation of protein synthesis and a concomitant increase in
ATF4 translation. ATF6 dissociated from GRP78 translocates to the

The PERK-UPR branch

PERK is a serine/threonine protein kinase activated by ER
stress via dimerization and autophosphorylation upon
dissociation from GRP78. Activated PERK phosphory-
lates its downstream target protein, elF2«x, resulting in
the inhibition of global protein translation [56]. However,
some genes with upstream open reading frames (UORFs)
in their 5’ untranslated region (UTR) could escape
from the elF2w-initiated translational attenuation. A rep-
resentative example is activating transcription factor 4
(ATF4)-human ATF4 gene contains multiple uORFs in
its 5" UTR, whereas the murine mRNA has two uORFs
[57]. These uORFs prevent the translation of ATF4 under
normal conditions, but enhance its expression when
elF2« is phosphorylated [58, 59]. ATF4 in turn upregu-
lates its downstream genes such as C/EBP homologous
protein-10 (CHOP), which is responsible for signaling
cells to enter apoptosis. One mechanism by which CHOP
signals apoptosis is through the dephosphorylation of
elF2 which prevents the attenuation of translation
resulting in the overwhelmed protein loading in the ER
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Golgi apparatus where it is cleaved by proteolysis, and becomes an
active transcription factor. XBP1 and ATF6 transcriptionally upregu-
late ER chaperones and proteins implicated in the ER-associated pro-
tein degradation (ERAD), which reduce ER stress and restore ER
homeostasis. During prolonged ER stress, ATF4 induces CHOP ex-
pression, which increases reactive oxygen species (ROS) generation,
promotes calcium influx from the ER to mitochondria, and activates
inflammatory and proapoptotic cascades. In addition, IRE1 recruits
TRAF2 and ASKI, resulting in JNK and NF-«kB activation. These
events contribute to pathological inflammation and apoptosis

to continue [60]. As a transcription factor, CHOP binds
directly to the promoter of the TRB3 gene which inhibits
AKT activation resulting in apoptosis [14]. Alternatively,
CHOP causes increased calcium influx from the ER to
the mitochondria, resulting in the activation of the
mitochondria-dependent apoptotic pathway [61]. In addi-
tion to regulating the apoptotic cascade, CHOP has also
been shown to regulate expression of CD11b (Mac-1), a
gene critical for macrophage infiltration and inflamma-
tion [62]. Deletion of CHOP attenuated the lipopolysac-
charide (LPS)-induced inflammation in the lungs,
including the IL-1beta activity in bronchoalveolar lavage
fluid [63]. The induction of caspase-11 by LPS, which is
needed for the activation of procaspase-1 and pro-IL-1beta,
was also suppressed in CHOP knockout mice. In addition, it
was found that circulating TNF-o and expression of acute-
phase response proteins CRP and SAP were significantly
lower in CHOP knockout mice compared to WT mice fed
with a methionine and choline-deficient diet [64]. These find-
ings suggest that CHOP is a critical mediator of inflammation,
and its role in retinal inflammation and DR warrants future
investigation.
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The ATF6 branch

ATF6 consists of two closely related proteins ATF6cc and
ATF6f3 in mammalian cells, both of which are ER
membrane-bound transcription factors activated during ER
stress [65]. Unlike the IRE1 and PERK UPR branches,
ATF6, the third UPR branch, is activated through transpor-
tation to the Golgi where it is cleaved by serine protease site
1 protease and metalloprotease site 2 protease [66]. Once
ATF6 is cleaved, it is transported to the nucleus where it can
play arole in ERAD and in apoptosis. ATF6 can also bind to
XBP1 and increase expression of XBP1 and other molecular
chaperons like GRP78 [67]. Deletion of ATF6x does not
affect the basal expression of ER protein chaperones nor
embryonic/postnatal development; however, ATF6« null
mice showed compromised organ function and survival
when challenged with chronic stress despite functional over-
lap between UPR sensors [68]. In addition, ATF6c null
mice were more sensitive to ER stress and exhibited liver
dysfunction and steatosis when given intraperitoneal injection
of the ER stress-inducing reagent tunicamycin, whereas wild-
type mice were able to recover from the insult [65]. In con-
trast, overexpressing ATF6 in the heart upregulated protective
molecules like GRP78 and prevented damage to cardiac tissue
after ischemia/reperfusion (I/R) in cardiac-specific ATF6
transgenic mice [69]. Although emerging evidence suggests
that ATF6 may be involved in the development of type 2
diabetes [70], its role in the pathogenesis of diabetes and
diabetic complications remains largely unknown.

Evidence of ER stress and UPR in DR

Although the role of ER stress has been extensively studied
in the area of diabetes, in particular pancreatic beta cell
death, its implication in diabetic complications was not
investigated until recently. Using Akita mice, a model of
type 1 diabetes, we, for the first time, demonstrated that
multiple ER stress markers, including GRP78, phospho-
IREl«, and phospho-elF2 were significantly upregulated
in the diabetic retina [13]. These changes coincide with
increased expression of inflammatory cytokines, such as
TNF-o« and VEGF. Using immunohistochemistry, we
observed that increased GRP78 expression in the diabetic
retina was mainly localized to the inner retina. In nondia-
betic animals, GRP78 was constantly expressed at a modest
level in the cytoplasm of cells in the inner nuclear layer,
ganglion cell layer, and the inner segment of photoreceptors.
GRP78 is a prominent ER chaperones that promotes the
correct folding of proteins. In response to ER stress,
GRP78 expression is upregulated rapidly, dissociates from
the ER membrane proteins, and binds to unfolded/misfolded
proteins for refolding. The dissociation of GRP78 from the

ER membrane proteins (ER stress sensors) triggers the acti-
vation of the UPR. Indeed, we observed increased phos-
phorylation of IRE1 & accompanied by enhanced splicing of
XBP1 mRNA. In addition, increased phosphorylation of
elF2« and its downstream effects ATF4 and CHOP indicat-
ed the activation of the PERK UPR branch in the diabetic
retina from Akita mice. Significantly increased expression
of GRP78 and activation of PERK were also observed in 14-
week-old db/db mice, a model of type 2 diabetes [71]. In
addition, a recent study analyzed expression of ER stress-
related genes in the retina from streptozotocin-induced diabet-
ic rats, suggesting that some genes involved in ER stress
response may be changed after short-term onset of hypergly-
cemia [72].

In our recent studies, we investigated the role of ER stress
in diabetes-induced inflammation and vascular leakage. We
showed that pharmacological induction of ER stress was
sufficient to induce inflammatory gene expression in the
retina [13]. Tunicamycin is a common ER stress inducer
that inhibits N-linked glycosylation. Twenty-four hours after
intravitreal injection of tunicamycin into the mouse eye, we
found that retinal TNF-oc and VEGF levels were significantly
increased by 5.1- and 4.3-fold, respectively [13]. In parallel, ER
stress was markedly increased in the eyes receiving tunicamy-
cin treatment. In cultured retinal EC, tunicamycin upregulated
TNF-o expression which also resulted in downregulation of
claudin-5, a major tight junction protein, which may contribute
to increased endothelial permeability in DR [73]. To further
examine the role of ER stress in the development of retinal
inflammation and vascular damage in DR, we administrated
4-phenyl butyrate (PBA), a small molecule chemical chaper-
one, to the Akita mice. We found that inhibition of ER stress by
PBA significantly attenuated retinal VEGF expression in the
diabetic animals. Moreover, we confirmed that ER stress is
critical for inflammatory gene expression in retinal EC. Pre-
treatment of human retinal EC with PBA dose-dependently
abolished hypoxia-induced TNF-«x and VEGF expression
[13]. Furthermore, we showed that enhancing the adaptive
UPR by preconditioning with ER stress protects retinal EC
against inflammatory injury [14]. We demonstrated that pre-
treatment of retinal EC with a very low dose of tunicamycin or
thapsigargin, both of which are ER stress stimulators, for a
short time, significantly blocked TNF-o-elicited NF-kB acti-
vation and adhesion molecule ICAM-1 and VCAM-1 expres-
sion in retinal EC. Preconditioning also successfully prevented
TNF-o-induced retinal leukostasis and vascular leakage in
mouse retinas [14]. These results collectively suggest a central
role of ER stress in retinal inflammation and vascular damage
in DR.

Oxygen-induced retinopathy (OIR) is a commonly used
model for the study of retinal NV, a feature of advanced
(proliferative) DR, as well as hypoxia-induced inflammation
and vascular leakage [28]. To induce OIR, neonatal mice were
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exposed to 75% O, from postnatal day 7 (P7) to P12 followed
by returning the animals to room air to induce a relative
hypoxia [74]. We demonstrated that inflammatory cytokines,
including VEGF and TNF-«, are significantly upregulated in
the retinas of OIR mice at P16, which contribute to subsequent
retinal vascular leakage and neovascularization in the retina
[28, 75]. These changes coincided with increase ER stress
markers (GRP78 expression, phosphorylation of elF2«, and
expression of ATF4). Moreover, treatment of mice with intra-
peritoneal injections of PBA (40 mg/kg body weight/day) or
PBS from P7 to P14 significantly reduced retinal VEGF levels
in OIR [13]. These findings suggest that ER stress contributes
to inflammation in ischemic retinal disease and may be impli-
cated in retinal angiogenesis.

Pericyte injury and cell death are considered as a hall-
mark pathological change in DR. We have shown that
pericytes activated by oxidized lipids secrete high levels of
inflammatory cytokines, such as macrophage chemoattrac-
tant protein 1 (MCP-1) [76]. In a recent study, we evaluated
the effects of constant and intermittent high glucose on
inflammatory cytokine production in human retinal peri-
cytes (HRP) and explored the role of ER stress in pericyte
inflammation [77]. We found that exposure to constant high
glucose did not alter ATF4 or CHOP expression, but inter-
mittent high glucose induced a significant increase in nucle-
ar levels of ATF4 and CHOP. Similarly, intermittent high
glucose, but not constant high glucose, treatment for
8 days induced a significant increase in VEGF expres-
sion and MCP-1 secretion. Importantly, treatment with
chemical chaperones PBA or tauroursodeoxycholic acid
dose-dependently abolished intermittent high glucose-
induced CHOP and VEGF expression and reduced
MCP-1 secretion from HRP. These results suggest
that ER stress is an important mediator of glucose
fluctuation-induced inflammation in retinal pericytes. In-
triguingly, we have shown that persistent high glucose
for 8 days suppressed GRP78 expression, but it did not
induce ATF4 and CHOP activation. In contrast, intermit-
tent exposure to high glucose caused a more marked
decrease in GRP78 expression accompanied by increased
ATF4 and CHOP expression. Previously, Ikesugi and
associates reported glucose deprivation, but not constant
high glucose, elicits ER stress in rat retinal pericytes
[78]. Tt is possible that the repetitive shift from high
glucose to normal glucose during glucose fluctuation
induces ER stress, while GRP78 suppression compro-
mises the protein-folding capacity of the ER resulting
in exaggerated ATF4/CHOP activation and inflammation
in retinal pericytes. In addition, increased ATF4/CHOP
activation may also contribute to pericyte apoptosis
induced by glucose fluctuation. Future studies are warranted
to investigate how ER stress-associated apoptotic pathways
are implicated in retinal cell death in DR.
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ER stress, UPR, and inflammatory signaling pathway

Perhaps of most interest, many recent reports have indicated
that interaction between ER stress and inflammatory pro-
cesses exists in many chronic diseases, such as DR. In
general, inflammation is characterized by an increase in
chemokines and cytokines. All three branches of the UPR
have been demonstrated to be involved in the inflammatory
response through the up-regulation of cytokines and chemo-
kines by the activation of inflammatory pathways like
VEGF, [79] c-Jun NH(2)-terminal kinase (JNK), [80] nucle-
ar factor kappa-light-chain-enhancer of activated B cells
(NF-kB), [81], and toll-like receptor (TLR)-mediated path-
ways [82]. The implications of UPR in inflammatory re-
sponse are complex and have been comprehensively
reviewed in recent years [83—85]. In the following sections,
we discuss the potential mechanisms of ER stress and UPR
in regulation of retinal inflammatory signaling in DR.

VEGF

VEGF is a proangiogenic protein that signals for the growth
of new blood vessels in order to restore proper oxygen
supply to tissues where the levels of oxygen are inadequate.
With an efficacy 5,000-fold higher than histamine in induc-
ing vascular permeability [86], increased VEGF levels are
thought to be the primary etiological factor in retinal vascu-
lar leakage and retinal edema in DR. VEGF also upregulates
adhesion molecule expression, promoting leukocyte binding
to the endothelial wall resulting in tight junction damage
and endothelial cell injury [87]. Interestingly, ER stress and
the UPR have been shown to play a critical role in angio-
genesis by modulating VEGF expression. Our data show
that reduction of ER stress attenuates VEGF production in
cultured retinal cells, the diabetic retina, and the ischemic
retina from OIR mice [13]. Furthermore, a study by Ghosh
and associates demonstrated that all three UPR branches
were necessary to induced VEGF expression to promote
angiogenesis [79]. However, each of the branches is thought
to be triggered by different stimuli, and activated at different
times. Interestingly, a recent study by Droget and associates
indicates that IRE1« is required for hypoxia-induced tumor
angiogenesis [88]. Tumor cells expressing a dominant-
negative IREl« transgene as well as IRE1x-null mouse
embryonic fibroblasts were unable to trigger VEGF upregu-
lation upon either oxygen or glucose deprivation [88]. IRE1
null mice also exhibit low VEGF production and impaired
angiogenesis in the placenta [89]. These findings suggest
that IRE1 may play an important role in ER stress-mediated
VEGF upregulation. In addition, a number of studies have
shown that ATF4 is required for the upregulation of VEGF
by various stimuli, including homocystine, arsenite, oxi-
dized lipid, and growth factors in vascular cells and in
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RPE cells [90-92]. In human RPE cells, ATF4 binds to an
amino acid response element in the first intron of the VEGF
gene, which may be responsible for its regulatory effect on
VEGF expression induced by arsenite [91].

INK

JNK is a stress-activated protein kinase and belongs to the
superfamily of mitogen-activated protein kinases. JNK has
been implicated in cell proliferation, apoptosis, and cytokine
production [93]. Activation of JNK has also been shown to
be a novel mechanism in regulation of VEGF expression in
retinal cells [94]. Guma and colleagues demonstrated that
JNK is a critical mediator of VEGF upregulation and retinal
NV in OIR [94]. Mice lacking JNK exhibit reduced patho-
logical angiogenesis and lower levels of retinal VEGF
production in OIR; furthermore, hypoxia induces JNK acti-
vation and regulates VEGF expression by enhancing the
binding of phospho-c-Jun to the VEGF promoter [94]. In-
creased JNK activation was also observed in the diabetic
retina; as well, inhibitors of JNK attenuated retinal VEGF
expression, ICAM-1 levels, leukostasis, and BRB break-
down in STZ-diabetic rats, suggesting a pathogenic role of
JNK activation in retinal inflammation and vascular leakage
in DR. Interesting, as briefly discussed above, JNK has been
considered as a key molecular link between ER stress and
inflammatory response in intestinal epithelial cells and glial
cells [95]. Induction of ER stress activates JNK through the
IRE1 UPR branch, while inhibition of JNK reduces ATF4
expression [96], suggesting an underlying communication
between the UPR pathways through this key molecule.
In addition, JNK activation promotes ER stress in certain
circumstances. For instance, IL-1(3, a proinflammatory
cytokine, stimulates JNK activation and enhances ER
stress in pancreatic epithelial cells [97]. Pretreatment
with JNK inhibitor abrogates IL-1(3-induced ER stress,
indicated by phosphorylation of elF2« and increased
expression of CHOP, GADD34, ATF4, and spliced
XBP1; however, inhibition of ER stress does not affect
JNK activation by IL-13 [97]. This suggests that JNK
activation is essential for IL-13-induced ER stress, which
further increases JNK activity resulting in exacerbated
inflammatory damage.

NF-kB

NF-kB, a key mediator of TNF-a-mediated signal transduc-
tion, is a major transcription factor in inflammatory signaling
contributing to the pathogenesis of DR [76, 98—101]. Activa-
tion of NF-kB has been observed in the retinal vasculature of
diabetic patients [102], in animal models [26, 101], and in
retinal endothelial cells exposed to high glucose or TNF-« in
vitro [99, 100]. Inhibiting NF-kB activation significantly

reduced vascular leakage and cell death in the retina of
diabetic animals [101, 103], suggesting that the NF-«B acti-
vation is necessary to elicit vascular damage caused by dia-
betes. Besides its role in regulating inflammatory response,
NF-«B is also important for controlling cell fate. Moreover, it
appears to have contradictory functions in apoptosis and cell
survival. NF-kB mediates the survival response of many
signals by inhibiting p53-dependent apoptosis and upregulat-
ing anti-apoptotic members of the Bcl-2 family, as well as,
caspase inhibitors such as XIAP and FLIP. In contrast, NF-kB
is also activated by apoptotic stimuli involved in DNA dam-
age and mediates upregulation of proapoptotic genes such as
TRAIL R2/DRS, Fas, and Fas ligand.

NF-kB is one of the first responders to harmful stimuli in
a cell, and it can be activated by all three branches of the
UPR. IRE]1 is a well-known activator of the NF-kB pathway
through interacting with TRAF2. Similar to the previously
discussed complex of IRE1-TRAF2 binding to ASK1, this
complex binds with IkB kinase (IKK) to activate the NF-kB
pathway and induce the transcription of inflammatory genes
including TNF-«, IL-6, and IL-8. [54, 81] Our study dem-
onstrates that enhancing the adaptive UPR by ER stress
preconditioning or by overexpressing XBP1 suppresses
NF-kB activation and inhibits adhesion molecule expression
in retinal EC [14]. Furthermore, we identified that the
inhibitory action of XBP1 on NF-kB is through inhibition
of the IRE1/IKK pathway and upregulation of GRP78. Seen
in another branch of the UPR, ATF6 activates NF-«xB
through phosphorylation of Akt, which, like IRE1 activation
of NF-kB, induces transcription of inflammatory cytokines
[104]. In addition, activation of the PERK-UPR induces
phosphorylation of elF2«, which reduces the translation of
IkB, an inhibitor of NF-«kB, resulting in NF-«xB activation.
Knockout PERK in mice alleviates free fatty acid-induced
inflammation through inhibiting the activation of IKK and
NF-kB [105].

Toll-like receptor signaling pathways

TLRs are part of the innate immune system and are respon-
sible for recognizing microbes. Specifically, TLR4 recog-
nizes the LPS from Gram-negative bacteria, while TLR2 is a
key sensor implicated in recognizing Gram-positive bacte-
ria. Upon activation, the TLRs initiate a complex signaling
cascade through several adaptor molecules, including the
common adaptor protein myeloid differentiation factor
(MyD) 88, protein kinase, and other signaling intermediates
[106]. All these signaling pathways culminate in activation
of NF-«kB resulting in upregulation of proinflammatory
cytokines. Despite very few studies being published in the
field of DR, expression of TLRs has been observed in the
retina [106], isolated retinal astrocytes [107], and RPE cells
[108]. Treatment of RPE cells with Poly I:C resulted in
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augmented protein expression of TLRs 2, 3, and 4, accom-
panied by increased production of IL-6, IL-8, MCP-1, and
SICAM-1]108]. In cultured retinal astrocytes, Polyl:C in-
creased the expression of MHC and induced the production
of IL-6, IL-12, and IL-23. These cytokines were able to
activate IRBP-specific T cells which produce IFN-y and
IL-17, and induce experimental autoimmune uveitis when
injected into naive mice [107]. Deletion of TLR4 signifi-
cantly attenuated NF-«kB activation, reduced inflammatory
gene expression and alleviated retinal damage after an
ischemia-reperfusion injury [109]. It also abolished oxida-
tive stress and the damage to mitochondria DNA in photo-
receptors induced by complete Freund's adjuvant containing
heat-killed Mycobacterium tuberculosis (CFA) [106]. The
role of TLRs in retinal inflammatory response and vascular
injury induced by diabetes remains to be investigated.

It has been suggested that TLR signaling can play a role
in the severity of the ER stress response and activating UPR-
associated transcription factors. Woo and associates reported
that prior engagement of TLR3 or 4 suppressed ER stress-
induced CHOP expression without affecting its upstream
UPR pathway (phosphorylation of PERK or elF-2«). Fur-
thermore, they demonstrated that this protective effect is
through the TRIF-mediated signaling pathways activated
by TLRs, which selectively attenuate translational activation
of ATF4 and its downstream target gene CHOP [110]. In a
recent study, Mahedevan reported that TLR4 KO macro-
phages had reduced ER stress markers and less severe
inflammation when exposed to conditioned medium from
ER-stressed tumor cells [82]. Intriguingly, TLR4 has been
shown to be essential for XBP1 activation in macrophages,
which, instead of resulting in the normal activation of the
UPR, triggered the transcription of proinflammatory genes
[111]. These findings suggest that TLRs, in particular TLR4,
may be important regulators of ER stress and inflammation
in DR and other diabetic complications.

Perspective and future directions

DR is one of the most frequent microvascular complications
of diabetes. Despite many advances in clinical management
of diabetes, consistently effective treatment for diabetic
complications is still lacking, and DR remains the leading
cause of blindness in American adults. Understanding the
cellular and molecular underpinning of the pathological
changes in DR is important to identify therapeutic targets
and develop better modalities, in conjunction with glycemic
control, to protect the retina from diabetic damage. Cellular
signaling pathways associated with disturbed protein homeo-
stasis in stressed cells have been studied recently in many
diseases. We hypothesize that during the early stage of diabe-
tes, various stressors including hyperglycemia, mild oxidative
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stress, overnutrition or hypoxia, and others, induce a low-
grade ER stress which stimulates the activation of the adaptive
UPR. Through upregulating ER chaperones and promoting
protein-degradation system (e.g., ERAD and autophagy) to
remove harmful protein aggregation, the UPR is able to re-
store the ER homeostasis and maintain normal cell function.
However, as the disease progresses, it accumulates chronic
insults causing persistent and severe ER stress exceeding the
capacity of the adaptive mechanism. When this occurs, the
proapoptotic and proinflammatory components of the UPR
will be activated, resulting in the development of detrimental
inflammation and even cell death. Many elegant studies over
the past decade, and our recent work, clearly demonstrate a
critical role of ER stress and UPR in mediating and regulating
the inflammatory response and damage to retinal cells by
inflammatory cytokines. While as a nonspecific response of
molecular mediators to the site of injury, inflammation can be
beneficial when seen transiently; prolonged inflammation can
have undesirable consequences inducing cell death. Although
there is compelling evidence that ER stress is a possible link
between inflammation and a diseased state, it remains poorly
understood how ER stress and UPR pathways interacts with
inflammatory signaling and how this interaction leads to tissue
and cell injury in the disease. It is also noteworthy that many
other mechanisms, in addition to ER stress, contribute to
retinal inflammation and vascular and neuronal damage in
DR. It is very likely that these major signaling pathways
crosstalk with each other in the decision making process of
cell death and cell survival. Nevertheless, early intervention
that reduces ER stress and enhances the adaptive mechanism
to restore ER homeostasis and promote cell survival may be
important for protecting retinal vascular cells and neurons
from diabetic damage. In this regard, it is plausible that ER
stress inhibitors could be of therapeutic value in DR and other
diabetic complications. A close look into the mechanisms by
which ER stress initiates inflammatory processes and identi-
fication of key protective genes against ER stress may provide
new insight into the pathogenesis of the disease and pave the
way for new treatment in DR.
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