
INTRODUCTION
Age-related macular degeneration

(AMD) can cause a progressive loss of
central vision in elderly individuals. The
macula region at the retina contains a
dense layer of photoreceptors that are
metabolically supplied by retinal pig-
ment epithelial cells (RPE). RPE cells are
crucial nursing cells of photoreceptors;
for example, they phagocytose photore-
ceptor outer segments and guarantee
both nutrient availability and ionic equi-
librium. Correspondingly, RPE cells are
supplied by the choroidal capillaries,
which are located posterior to the RPE
layer, behind the Bruch membrane. The
pathogenesis of AMD involves the accu-
mulation of lipofuscin in RPE cells and
of extracellular deposits, called drusens,
between the RPE and the Bruch mem-
brane (1–3). The accumulation of drusen

deposits is one of the first clinical signs
of AMD, and these deposits disturb the
metabolic function of RPE cells and may
even damage the RPE layer. Clinically,
AMD can be classified into two main cat-
egories: the atrophic, dry form of AMD
and the exudative, wet form of AMD (3).
These two stages display certain similari-
ties, for example, inflammatory signs in-
volving cytokine secretion and patholog-
ical changes in the Bruch membrane, but
the degree of pathology progresses as the
disease worsens. The crucial difference
between the dry and wet AMD is the de-
velopment of choroidal neovasculariza-
tion in wet AMD. Choroidal capillaries
can grow through the breaks in the
Bruch membrane and evoke fluid exuda-
tion, lipid deposition, fibrotic scars and
subretinal hemorrhages which ultimately
damage the RPE cells and subsequently

also damage the photoreceptors, causing
the loss of central vision (3).

AMD is clearly a multifactorial disease
that has several risk factors, including
aging, genetic characteristics, smoking,
obesity and hypertension (3,4). Results of
pathological studies have highlighted the
role of oxidative stress and inflammatory
changes in the pathogenesis of AMD
(1,2). The role of inflammation has also
been confirmed by results of genetic
studies, which have demonstrated that
polymorphism of complement factor H
(CFH) is a major risk factor for AMD (4).
We have recently reviewed the mecha-
nisms leading to the activation of the in-
nate immunity system in AMD (5). One
fundamental cause of the neovascular-
ization is the expression of vascular en-
dothelial growth factor (VEGF) by RPE
cells. Recently, several observations have
indicated that elevated cellular stress in
RPE cells during the progression of AMD
can induce prolonged stress in endoplas-
mic reticulum (ER). ER stress may trigger
an excessive expression and secretion of
VEGF and subsequently the neovascular-
ization and conversion from the dry

M O L  M E D  1 6 ( 1 1 - 1 2 ) 5 3 5 - 5 4 2 ,  N O V E M B E R - D E C E M B E R  2 0 1 0  |  S A L M I N E N  E T  A L .  |  5 3 5

Endoplasmic Reticulum Stress in Age-Related Macular
Degeneration: Trigger for Neovascularization

Antero Salminen,1,2 Anu Kauppinen,3 Juha MT Hyttinen,3 Elisa Toropainen3 and Kai Kaarniranta3,4

Departments of 1Neurology and 3Ophthalmology, Institute of Clinical Medicine, University of Eastern Finland, Kuopio, Finland;
Departments of 2Neurology and 4Ophthalmology, Kuopio University Hospital, Kuopio, Finland

Age-related macular degeneration (AMD) can be classified into two main categories: the atrophic, dry form and the exuda-
tive, wet form. The crucial difference between dry and wet AMD is the development of choroidal neovascularization in wet AMD.
One fundamental cause of the neovascularization is the increased expression of VEGF (vascular endothelial growth factor) in reti-
nal pigment epithelial cells. Progression of AMD is linked to augmentation of cellular stress, for example, oxidative stress, pro-
teotoxic stress, inflammation and hypoxia. All these conditions can trigger stress in endoplasmic reticulum (ER), which maintains
protein quality control in cells. ER stress induces the unfolded protein response (UPR) via IRE1 (inositol-requiring protein-1), PERK
(protein kinase RNA-like ER kinase) and ATF6 (activating transcription factor-6) transducers. UPR signaling is a double-edged sword,
that is, it can restore cellular homeostasis as far as possible, but ultimately may lead to chronic, overwhelming stress that can cause
apoptotic cell death. Interestingly, ER stress is a well-known inducer of angiogenesis in cancer. Moreover, stress conditions associ-
ated with the progress of AMD can induce the expression of VEGF. We discuss the role of ER stress in the regulation of neovascu-
larization and the conversion of dry AMD to its wet, detrimental counterpart.
© 2010 The Feinstein Institute for Medical Research, www.feinsteininstitute.org
Online address: http://www.molmed.org
doi: 10.2119/molmed.2010.00070

Address correspondence and reprint requests to Antero Salminen, Department of Neurology,

Institute of Clinical Medicine, University of Eastern Finland, PO Box 1627, FIN-70211  Kuopio,

Finland. Phone: (358) 50 5740740; Fax: (358) 17 162048; E-mail: antero.salminen@uef.fi.

Submitted June 1, 2010; Accepted for publication July 26, 2010; Epub (www.molmed.org)

ahead of print July 27, 2010.



form of AMD to its more serious wet
counterpart (see below).

ER STRESS: A DOUBLE-EDGED SWORD
The capacity to maintain homeostasis

is a crucial characteristic of cells if they
are to combat environmental insults and
intrinsic stress. The host defense system
consists of different sensor mechanisms
that recognize distinct harmful signals
and trigger adaptive responses to restore
cellular function. The capability of this
defense system to monitor protein qual-
ity maintains a condition called pro-
teostasis, which is a prerequisite for the
survival of cells (6). The ER is a mem-
brane-enclosed reticular network where
newly synthesized proteins are matured
by undergoing folding and posttransla-
tional modifications. The ER tubular sys-
tem also maintains cellular calcium ho-
meostasis via a complex set of
calcium-dependent molecular chaper-
ones required for protein folding (7).
Many different cellular stresses, for ex-
ample, deficiencies in proteasome func-
tion and impaired redox and calcium
balances, can induce protein misfolding
in ER and release luminal calcium into
the cytoplasm. This ER stress disturbs
the protein quality control and this trig-
gers the activation of ER-located trans-
ducer receptors, which generate an adap-
tive response called the unfolded protein
response (UPR) (8–10) (Figure 1).

There are three branches of transducer
proteins which recognize ER stress,
 inositol-requiring protein-1 (IRE1), pro-
tein kinase RNA-like ER kinase (PERK)
and activating transcription factor-6
(ATF6) (see Figure 1). The function of
these transducers has recently been re-
viewed in detail (8–11). The activation of
these transducer proteins triggers signal-
ing cascades, which induce downstream
an adaptive UPR via protein kinases and
transcription factors. The most important
pathways with respect to AMD (see
below) are the PERK/eIF2α/ATF4 and
IRE1/ASK1/JNK cascades (11,12). These
pathways can elicit several AMD-related
pathological changes via the induction of
VEGF, C/EBP homologous protein

(CHOP), caspase-4 (CASP4), and nuclear
factor-κB (NF-κB) (see Figure 1).

The principal function of UPR signal-
ing is to restore cellular function, espe-
cially proteostasis. UPR signaling can
stimulate the expression of molecular
chaperones as well as antioxidants and
other guardian molecules. In addition,
UPR signaling can reduce the level of
protein synthesis and in that way miti-
gate the folding stress in the ER (13). For

instance, PERK activates nuclear factor
erythroid-2 related factor 2 (NRF2) to in-
duce defense against oxidative stress
(14). However, ER stress is a double-
edged sword, that is, it can act to
achieve cellular homeostasis as far as
possible but ultimately it will trigger
apoptotic cell death (15). This response
is crucial for the preservation of tissue
function, because apoptosis sacrifices
one cell to preserve the tissue from being
subjected to necrotic damage. The mech-
anisms that regulate the apoptogenic
switch are still largely unknown, but it
seems that proapoptotic members of the
BCL-2 family, BAX, BAK and BIM, con-
trol the release of calcium from the ER
(16). Briefly, ER and mitochondria con-
struct a structural and functional interac-
tion network called the mitochondria-
 associated membranes (16,17). The
mitochondria-associated membranes
mediate the ER/mitochondrial crosstalk
via calcium release from the ER and its
uptake into mitochondria. Proapoptotic
BCL-2 members BAX and BAK can
oligomerize and enhance the efflux of
calcium from the ER. Mitochondrial cal-
cium overload can subsequently trigger
the efflux of apoptogenic factors, for ex-
ample, cytochrome c and apoptosis-
 inducing factor, from mitochondria to
cytoplasm, where they activate caspase
cascades (16,18). In addition, the activa-
tion of ER stress transducers can stimu-
late the expression of CHOP, which also
enhances apoptosis (19) (see Figure 1). In
conclusion, the UPR induced by ER
stress is an evolutionarily conserved
host defense system that primarily can
restore cellular homeostasis but also can
initiate the cellular death program.

ER STRESS AND AMD PATHOGENESIS
ER stress plays a fundamental role in

the pathogenesis of several diseases, for
example, diabetes, cancer and neurode-
generative diseases (20,21). In ophthal-
mology, few studies have examined the
presence of ER stress in eye diseases.
Doh et al. (22) demonstrated in a rat
glaucoma model that chronic ocular hy-
pertension could trigger ER stress and
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Figure 1. Schematic presentation depicting
the role of ER stress in the pathogenesis of
neovascular AMD. Several AMD risk factors
trigger ER stress and activate UPR signaling
via IRE1, PERK and ATF6/CREBH transducers.
UPR induces the expression of stress resist-
ance components, but excessive and pro-
longed insults can trigger the expression of
VEGF, CHOP, CASP4 and NF-κB, evoking
neovascularization and pathological
changes in the macula region. Only the
pathways known to be present in human
RPE cells have been included.



subsequently apoptotic cell death in reti-
nal ganglion cells. The expression of
GRP78/BiP, p-PERK, p-eIF2α and CHOP
was observed to significantly increase in
the early phase of elevated intraocular
pressure. In rat retina, the early stage of
diabetic retinopathy also was demon-
strated to induce changes indicative of
the presence of ER stress, that is, the acti-
vation of IRE1α and eIF2α and subse-
quently the upregulation of GRP78/BiP
in the retina of a rat model of diabetes
and oxygen-induced retinopathy (23).
Gorbatyuk et al. (24) demonstrated that
the overexpression of GRP78/BiP can
 alleviate ER stress in a rat model of
 autosomal-dominant retinitis pigmentosa
and prevent photoreceptor degeneration.
Inokuchi et al. (25) observed that intravit-
real injection of BIX (BiP inducer X)
clearly stimulated the expression of
GRP78/BiP in mouse retina and subse-
quently reduced the ER stress and retinal
cell death induced by tunicamycin injec-
tion. Moreover, Dong et al. (26) demon-
strated that the genetic reduction of
GRP78/BiP expression inhibits tumor
growth and angiogenesis in mice. This
finding implies that chronic overexpres-
sion of GRP78/BiP can enhance neovas-
cularization, especially in cancer.

The definitive demonstration of the in-
cidence of ER stress in retinal pigment
epithelium in human AMD is still lack-
ing, but several parameters involved in
the pathogenesis of AMD are potent in-
ducers of ER stress both in RPE cells as
well as in many other cell types. Libby
and Gould (27) have recently proposed
that ER stress could be an important
mechanism in the pathogenesis of AMD.
Sauer et al. (28) proposed that therapy
with chemical chaperones, for example,
TMAO (trimethylamide-N-oxide), PBA
(4-phenylbutyric acid) and TUDCA (tau-
roursodeoxycholic acid) might be a way
to alleviate protein aggregation in AMD.

Oxidative Stress
Results of several studies have indi-

cated that oxidative stress has a crucial
role in the pathogenesis of AMD (29,30).
High oxygen consumption, constant

phagocytosis, high levels of polyunsatu-
rated fatty acids, and exposure to light
irradiation provide an ideal environ-
ment for oxidative stress in the macula
region. Moreover, inflammatory re-
sponses evoke reactive oxygen species
(ROS) and oxidative molecular damage
in RPE. Prolonged oxidative stress can
also promote ocular neovascularization
in the macula (31). Extensive data have
been reported that demonstrate that ox-
idative stress is a potent inducer of
stress in ER and also in RPE cells. On
the other hand, ER stress itself can sus-
tain oxidative stress and aggravate
pathogenesis (32–34). Oxidized phos-
pholipids and oxidized low-density
lipoproteins (oxLDLs) potently elicit ER
stress in endothelial cells (35–37). Oxi-
dized lipoproteins inhibit the degrada-
tion of photoreceptor outer segments in
RPE cells (38) and induce AMD-type
pathological changes in cultured human
RPE cells (39). AMD lesions, for exam-
ple, drusens, contain a high level of
oxLDLs and oxysterols, in particular
7-ketocholesterol (40) (see Figure 1). In
human RPE cells, 7-ketocholesterol acti-
vates caspase-8 and caspase-12, evi-
dence of the activation of ER stress (41).
7-Ketocholesterol induces the expression
of CHOP and NADPH oxidase via
IRE-1/JNK signaling (42) (see Figure 1).
In particular, the activation of NADPH
oxidase enhances choroidal neovascu-
larization (43). OxLDLs can also activate
VEGF expression via PERK/ATF4 sig-
naling and in that way trigger neovas-
cularization (36) (see below). Further-
more, oxLDLs are efficient inducers of
inflammatory genes via the ATF4 and
XBP1 branches of the UPR in endothe-
lial cells (35).

Epidemiological studies have revealed
that smoking is a strong risk factor for
AMD (44). Cigarette smoke extract
(CSE), which contains benzopyrene, is a
potent inducer of ER stress and via the
PERK pathway it can inhibit protein syn-
thesis and provoke tissue atrophy (45)
(see Figure 1). In human RPE cells, CSE
stimulates oxidative stress, which in-
duces the expression of VEGF and com-

plement components and increases mito-
chondrial DNA damage and exocytotic
activity (46,47). Benzopyrene can in-
crease the activity of multiple caspase
pathways, for example, caspase-3, cas-
pase-9 and caspase-12 in human RPE
cells (48). These effects of CSE on RPE
cells may well explain why cigarette
smoking is a risk factor for AMD.

Proteotoxic Stress
In addition to lipids, ROS can also oxi-

dize proteins and cause dysfunctions in
the maintenance of proteostasis. Oxi-
dized, misfolded proteins are generally
degraded in proteasomes (49). However,
proteasomal peptidases themselves are
sensitive targets of ROS and they are
clearly inactivated in oxidative stress,
which means that the efficiency of pro-
teasomal degradation is impaired and
misfolded proteins aggregate into cytosol
(49). Moreover, proteasomal inhibition
triggers ER stress, which acts through
UPR signaling to stimulate the synthesis
of the chaperone proteins (50) (see Fig-
ure 1). In human RPE cells, oxidative
stress inhibits proteasomal activity, al-
though it stimulates ubiquitin conjuga-
tion activity (51). Li et al. (52) demon-
strated that aging of human RPE cells
clearly decreased the activity of 20S pro-
teasomes. We have observed that protea-
some inhibition leads to aggresome for-
mation of ubiquitinated proteins in
human RPE cells (53). Suppression of
proteasomal function also inhibits the
ER-associated degradation pathway,
which enhances the protein misfolding in
the ER and triggers ER stress (54). Acti-
vation of PERK inhibits protein synthesis
via eIF2α, and in that way it can allevi-
ate ER stress. In human RPE cells, exces-
sive proteasomal inhibition generates ER
stress and stimulates the expression of
hypoxia-inducible factor (HIF)-1α, VEGF
and angiopoietin-2, factors that can initi-
ate the neovascularization in AMD (55)
(see below).

Accumulation of lipofuscin into lyso-
somes in RPE cells is a hallmark of aging,
and in particular, AMD pathogenesis
(2,56). A2E, a toxic lipofuscin fluorophore,
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is produced as a byproduct of the retinoid
visual cycle (57). Deposition of A2E and
lipofuscin into RPE cells can switch on the
generation of ROS, perturb cholesterol
metabolism and even induce the expres-
sion of VEGF and in this way support
neovascularization (58,59). Inhibition of
proteasomal degradation can also en-
hance lipofuscin accumulation (60). Sev-
eral studies have indicated that lysosomal
storage disorders can induce ER stress,
and the experimental disruption of lyso-
somal homeostasis can also trigger ER
stress (61). Moreover, accumulation of
lysosomal inclusions into rat retinal pig-
ment epithelium can cause a prominent
loss of smooth ER structures (62). This
loss impairs the ability of ER to respond
to cellular stress through the induction of
molecular chaperone expression.

As a proof-of-principle, there are some
inherited AMD-like diseases in which the
retention of mutated proteins into the ER
can trigger ER stress in RPE cells. Roybal
et al. (63) demonstrated that the missense
mutation in R345W of fibulin-3 protein
leads to the accumulation of misfolded
protein within the ER compartment. Re-
tention of mutant fibulin-3 into the ER
provokes ER stress and induces the ex-
pression of VEGF in RPE cells. This dis-
ease, known as malattia leventinese, and
Doyne honeycomb retinal dystrophy, are
early-onset autosomal dominant macu-
lopathies (63). Another similar disorder is
a rare, late-onset retinal macular degener-
ation involving drusenlike deposits, mac-
ular degeneration and in the late stage,
choroidal neovascularization (64). Wild-
type C1QTNF5 (CTRP5) protein is se-
creted, whereas the mutated version is
misfolded and retained within ER (64).
The mutant protein is degraded by pro-
teasomes, probably via ER-associated
degradation pathway. Currently, it is not
known whether the late-onset retinal
macular degeneration syndrome is
caused by ER stress.

Inflammation and Metabolic Stress
Inflammation is a crucial player in the

pathogenesis of AMD. We have recently
reviewed the role of innate immunity re-

ceptors and danger signals, which evoke
and sustain inflammation in AMD (5).
Recently, a large body of literature has
reported data indicating that ER stress
can induce inflammatory responses
(11,65), although UPR signaling can also
support the development and survival of
some immune cells and affect the ap-
pearance of autoimmunity (66). ER stress
stimulates inflammatory responses
mainly via the IRE1-TRAF2 and IRE1-
XBP1 pathways or via the ER-located in-
flammatory caspases, that is, CASP4 and
caspase-12 (see 11). In human RPE cells,
proinflammatory cytokines and
lipopolysaccharide induce the expression
of CASP4, whereas dexamethasone and
interleukin (IL)-10 block the induction
(67). CASP4 activation can enhance in-
flammatory responses and trigger apop-
totic cell death. In some cell types,
chronic ER stress can switch on negative
feedback and impede inflammatory in-
sults (68). Bian et al. (69) observed that
caspase-12S, a short form of caspase-12,
is a predominant form of caspase-12 in
human RPE cells. Caspase-12S contains
only the CARD (caspase activation re-
cruitment domain) and thus it can inhibit
caspase signaling pathways. Interest-
ingly, Bian et al. (69) demonstrated that
the ER stress inducers tunicamycin and
thapsigargin clearly increase the expres-
sion of caspase-12S mRNA in human
RPE cells. IL-1β, tumor necrosis factor-α
and lipopolysaccharide downregulated
the expression of caspase-12S, whereas
IL-10 upregulated the expression of cas-
pase-12S. These results indicate that cas-
pase-12S could be a potent negative reg-
ulator of apoptosis and inflammatory
responses. However, these results must
be confirmed at the protein level, be-
cause Bian et al. (69) used the reverse
transcription–polymerase chain reaction
technique in their expression studies.

ER stress is also a well-known inducer
of the systemic inflammatory response,
which can propagate AMD pathogenesis,
for example, via the effects of C-reactive
protein (CRP) and serum amyloid P
(SAP) proteins. ER stress in liver acti-
vates the CREBH transducer, a member

of the ATF6 family, which triggers the ex-
pression and secretion of CRP and SAP
(70) (see Figure 1). In human RPE cells,
CRP can stimulate IL-8 and VEGF ex-
pression (71). Seddon et al. (72) demon-
strated that an elevated serum CRP con-
centration is a clear risk factor for AMD,
among both smokers and nonsmokers.
The function of XBP1 has not been stud-
ied in human RPE cells and needs to be
clarified in the case of inflammatory
 responses.

The ER is a metabolic sensor organelle,
that is, fatty-acid and free-cholesterol
overload and hypo/hyperglycemia trig-
ger ER stress, and subsequently the UPR
signaling attempts to adjust the metabo-
lism to meet the environmental chal-
lenges (73). Chronic metabolic overload
can also elicit inflammatory responses
(74). During aging and especially in
AMD, the pathological changes in the
Bruch membrane can disturb the diffu-
sion of oxygen and macromolecules (75)
and in that way trigger hypoxia (see
below) and metabolic disorders.

Epidemiological studies have demon-
strated that an elevated level of homo-
cysteine is associated with exudative,
neovascular AMD but not with dry AMD
(76). Homocysteine is a well-known risk
factor for cardiovascular diseases. Homo-
cysteine is involved in the function of the
methyl acceptor/donor cycle, which
transfers methyl groups to a wide variety
of acceptors. Homocysteine itself is a
toxic metabolite that triggers ER stress
(see Figure 1), for example, in the liver
after high alcohol consumption (77). In-
terestingly, alcohol abuse is considered to
be a risk factor for AMD (78). In human
RPE cells, homocysteine activates the
PERK-ATF4 pathway, which stimulates
the expression of VEGF (79). This finding
seems to confirm the role of homocys-
teine in neovascularization in wet AMD.

Hypoxia/Ischemia
Pathological studies and noninvasive

perfusion measurements have indicated
that reduced choroidal circulation and
subsequent hypoxia/ischemia can aggra-
vate the progress of AMD pathogenesis,
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in particular choroidal neovasculariza-
tion (80–82). Hypoxia and ischemia are
potent inducers of ER stress in different
tissues (83,84). Hata et al. (85) demon-
strated that ischemia-reperfusion in the
rat eye clearly triggered ER stress in
retina, which involved increased expres-
sion of IRE1α, ASK1 and p-JNK (see Fig-
ure 1). The ganglion cell layer was most
affected after ischemia. The ER stress
generated by hypoxia is normally benefi-
cial, because mild, chronic hypoxia can
induce hypoxia resistance via the
PERK/eIF2α/ATF4 pathway, but in the
case of cancer, it can support tumor
growth (86). Hypoxia is also an efficient
inducer of VEGF expression and secre-
tion, which support angiogenesis in
growing tumors (87). HIF-1α is a well-
known inducer of VEGF secretion and
neovascularization that is also associated
with AMD (81). However, ER stress is an
HIF-1α–independent inducer of VEGF
and angiogenesis (88,89), although there
is some evidence that ER stress can up-
regulate HIF-1α expression in normoxic
 conditions (90).

ER Stress: Inducer of VEGF Expression
and Angiogenesis

Angiogenesis, that is, the process by
which new capillary blood vessels grow
out of preexisting vessels, is a vital event
during development but also in adult life
(91). Angiogenesis is normally a benefi-
cial process that maintains tissue homeo-
stasis, for example, during increased aer-
obic exercise or in wound healing and
cardiovascular diseases in which blood
flow is compromised. However, exces-
sive angiogenesis can have detrimental
pathological effects on tumor growth and
macular degeneration. VEGF-A, also
called VEGF, is the major vascular
growth factor in blood vessel maturation,
although many other angiogenic factors,
for example, fibroblast growth factor,
transforming growth factor β and
 angiopoietins, can enhance capillary
growth (91,92). The expression of VEGF-A
is regulated mainly at the transcriptional
level, although its expression and activ-
ity can be controlled by posttranscrip-

tional, translational and posttranslational
mechanisms (92). Furthermore, alterna-
tive splicing can generate an anti-
 angiogenic isoform, VEGF-A165b (93).
Magnussen et al. (93) demonstrated that
the injection of this splice variant can in-
hibit angiogenesis in a mouse model of
retinal neovascularization. The presence
of alternative splicing of VEGF-A in asso-
ciation with ER stress has not been
demonstrated. There is a long list of tran-
scription factors that can transactivate
the VEGF expression, for example,
HIF-1α, NF-κB, Sp1 and ERα (92,94). A
plethora of stimulating signals can acti-
vate VEGF expression, for example,
 hypoxia/ischemia, cytokines, growth
factors and some hormones.

Recently, several studies have demon-
strated that ER stress is a potent inducer
of VEGF expression (36,79,89,95). Studies
in which different ER stress models were
used revealed that the expression of
VEGF is activated via the ATF transcrip-
tion factor in both human RPE cells
(79,95) and human umbilical vein en-
dothelial cells (36) (see Figure 1). Roybal
et al. (95) demonstrated that oxidative
stress induced via arsenite exposure in-
creased eIF2α phosphorylation and ATF4
expression in human RPE cells. These in-
vestigators also established that the ATF4
complex binds to the intronic AARE
(amino-acid response element) site
within the VEGF gene and transactivates
gene expression. Ghosh et al. (89) demon-
strated that in cancer cells, all three ER
stress transducers are involved in the in-
duction of VEGF and angiogenesis. The
induction of VEGF expression is medi-
ated via the PERK/ATF4, IRE1α/XBP-1
and ATF6α pathways, although HIF-1α
is not involved in ER stress–mediated
VEGF expression (89). It seems that dif-
ferent stimuli trigger distinct UPR path-
ways, for example, hypoxia/ischemia
and glucose deprivation activate VEGF
via the IRE1α pathway (96).

ER STRESS: TRIGGER OF VEGF-DRIVEN
NEOVASCULARIZATION IN AMD?

The best evidence supporting the role
of VEGF in the neovascularization that

occurs in wet AMD is the effectiveness of
the therapy with anti-VEGF antibodies
(bevacizumab and ranibizumab) or
VEGF-receptor inhibitors (for example,
VEGF Trap) (97,98). In addition, there are
promising inhibitors of tyrosine kinases
downstream from the VEGF receptor (for
example, Vatalanib and Pazopanib) (98).
However, RPE-derived VEGF is the
growth factor for the maintenance of the
choriocapillaris in the adult macula (99).
In addition, RPE cells also secrete pig-
ment epithelium-derived factor (PEDF),
which is a natural inhibitor of angiogene-
sis because it can reduce vascular en-
dothelial cell proliferation and inhibit
VEGF-dependent signaling (100). More-
over, PEDF exerts several antiapoptotic
and neuroprotective effects (101). Inter-
estingly, ER stress decreases the expres-
sion of PEDF in human RPE cells (102).
In the macula, it seems that the well-
being of RPE cells has a profound effect
on the stability of the entire choriocapil-
lary network, that is, insults that jeopard-
ize the homeostasis of RPE cells trigger
capillary growth, probably to restore the
metabolic balance.

As described above, a wide variety of
insults can induce ER stress in human
RPE cells, and all are direct or indirect
risk factors for AMD pathogenesis. The
UPR responses induced by ER stress fol-
low hormetic regulation, which means
that mild stress induces stress tolerance
whereas excessive stress can cause harm-
ful effects and lead to apoptotic cell
death (103,104). VEGF is a perfect exam-
ple of this kind of regulation and it
seems to be the crucial factor that trig-
gers the conversion from dry AMD to its
wet form. The complex and integrated
regulation of VEGF expression highlights
the significance of VEGF in neovascular-
ization. There is an extensive cross-talk
between the mediators of oxidative stress
(NRF2), oxygen deficiency (HIF-1α) and
unfolded protein stress (for example,
PERK/ATF4) in the regulation of VEGF
(89,92,105). However, the role of UPR
seems to be crucial, because the dry form
of AMD involves several disturbances in
protein quality control (56), and aggre-
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gated proteins stimulate the adaptive
UPR response involving molecular chap-
erones and antioxidants to maintain ho-
meostasis in the RPE. Overwhelming
stress, however, seems to activate a set of
stress-related transcription factors and
trigger excessive VEGF expression,
which subsequently causes neovascular-
ization in the macula.
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