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Abstract The endoplasmic reticulum (ER) serves many cru-
cial cellular functions. However, when misfolded or unfolded
proteins accumulated in the ER, the stress of ER will be
induced. Meanwhile, the intracellular signaling network,
which is called unfolded protein response, will also be acti-
vated to cope with. Those unfolded proteins can be recognized
by three kinds of stress sensors which are IRE1, PERK, and
ATF6. Based on lots of medical reports, ER stress in postmor-
tem brains from Alzheimer’s disease (AD) patients, animals,
and vitro models have indicated that ER dysfunction might
work as an important part in causing AD. In this review, we
demonstrated that the effect of ER stress contributed to the
pathogenesis of AD. ER stress associates almost the whole
brain pathology processes which can be observed in AD, such
as gene mutation of presenilin1, the abnormal clipped mRNA
of presenilin2, β-amyloid production, tau phosphorylation,
and cell death. The status of ER stress and unfolded protein
response in the pathogenesis of AD also suggests they can be
used as potential therapeutic agents.
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Introduction

Alzheimer’s disease is a neurodegenerative disease which is
characterized by progressive cognitive impairment and behav-
ioral disorder. According to a recent report from Alzheimer’s
Association, ADhas become the sixth leading cause of all deaths
in the USA and the fifth leading cause of death in Americans
aged ≥65 years and deaths depend on it have been rising
dramatically [1, 2]. Although the causes of AD are largely not
yet known, most experts agree that AD, like other common
chronic diseases, probably develops as a result of multiple
factors rather than a single cause. Neuropathologically, AD has
been mainly characterized by the accumulation of extracellular
plaques of the Aβ and intracellular neurofibrillary tangles [3]. In
addition, oxidative stress, synaptic loss, and neuronal degenera-
tion are also being taken into consideration. However, although
so many hypotheses there are, the exact pathogenesis of AD still
remains unclear.

Several lines of evidence have indicated the importance of
stress in subcellular organelles as a pathophysiological mecha-
nism. Perturbations in the function of ER are emerging as
relevant factors of AD. ER is a vital organelle which plays an
important role in maintaining the balance of cellular Ca2+ and
modifying the proteins after translation. Much pathological and
physiological stimulation, such as ischemia, hypoxia, and poi-
son, induces ER stress, which is characterized as overexpres-
sion of ER molecular chaperones and UPR in order to promote
normal protein folding and degrade the abnormal. However,
when activation of the UPR is severe or prolonged enough, the
final cellular outcome is pathologic apoptotic cell death. The
accumulation of unfolded protein in the ER lumen could be
sensed and then induce a series of reactions. The mechanisms
associated with ER stress in AD are diverse and complex, from
gene to protein folding. Twenty years ago, Philip J. Thomas
demonstrated the pathobiology and processes of the effect of
altering protein folding into many disease-causing mutations
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and modifications [4]. Following by more and more UPR
activation markers being detected in postmortem brain for
AD patients and animal or vitro models, the relationship be-
tween ER stress and AD attracts increasing attention. Here, we
will review the recent progress in the studies on the ER dys-
function, including its classical signaling pathways, and its
association with onset of Alzheimer’s disease in various aspects
in order to develop new treatments toward AD.

The Physiological Functions of ER

ER is a type of organelle in the cells of eukaryotic organisms
whose membranes are continuous with the outer membrane of
the nuclear envelope. ER serves as many general functions
such as the folding of protein molecules in cisternae and the
transport of synthesized proteins in vesicles to the Golgi
apparatus.

Only properly folded proteins are transported from the
rough ER to the Golgi apparatus. The so-called unfolded
proteins, which are not properly folded into their functionally
active structures, are retained in the lumen of ER until they
attain their proper conformations. If this final tertiary structure
cannot be achieved, unfolded proteins are then transported
back to the cytosol and subjected to ubiquitination and
proteasome-dependent degradation, a process referred to as
ER-associated degradation (ERAD) [5, 6]. In the ubiquitin-
proteasome pathway, energy from ATP is used to tag an
unwanted protein with a chain of ubiquitin marking it for
destruction. The protein is then hydrolyzed into small peptide
fragments by the proteasome (Fig. 1).

The ER Stress Signaling Pathways

Unfolded Protein Response

UPR is a kind of self-protection system triggered by ER stress
in case of being damaged from some physical or biological
factors. These responses include molecular chaperone in-
crease, translational attenuation, and Endoplasmic reticulum-
associated protein degradation (ERAD) activation in eukary-
otic cells. One of the most representative examples of ER-
resident chaperones is the immunoglobulin binding protein
binding immunoglobulin protein (BiP), which supposed to
prevent the secretion of incompletely assembled immuno-
globulin [7]. Three transmembrane signal transducers work
as sensors of the UPR including PERK, IRE1, and ATF6
(Fig. 2).

PKR-Like Endoplasmic Reticulum eIF2α Kinase (PERK)

PERK is a type I transmembrane kinase resident in the ER
which plays a central role in the regulation of the UPR.
Normally, PERK is held in an inactive state by binding of the
GRP78 as supported by reports that GRP78 and PERK form a
complex under normal conditions [8]. However, in ER stressed
cells, as an increase of unfolded proteins in the lumen of ER,
GRP78 is titrated away from PERK and this dissociation leads
PERK to oligomerization and self-phosphorylation.

As PERK being activated, it could phosphorylate the α-
subunit of eukaryotic translation initiation factor-2 (eIF2α) at
Ser51 [9]. In this way, PERK helps reduce the flux of protein
which is destined to enter the already stressed ER lumen so

Fig. 1 Normal state. Proteins
that enter the ER are folded
with the help of chaperones
and transported to the Golgi
apparatus. GRP78 is bound to the
luminal domains of PERK, IRE1,
and ATF6 so that to remain them
inactive. Misfolded proteins are
transported back to the cytosol
and subjected to ubiquitination
and proteasome-dependent
degradation
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that to alleviate ER stress [5]. As the proteins being inhibited
ubiquitously, an activating transcription factor 4 (ATF4) es-
caped. The target genes of ATF4 are transcription factor
C/EBP homologous protein (CHOP), growth arrest, and
DNA damage-inducible 34 (GADD34) and activating tran-
scription factor 3 (ATF3).

CHOP is widely regarded as a participator in the initiation
of apoptotic or organ regeneration which activates the tran-
scription of several genes that may potentiate apoptosis.
However, in a model of severe ER stress, the upregulation of
CHOP increase the intensity of stress and thus induce cell
death. Nevertheless, another model of milder one shows the
opposite. This indicates that the intensity and duration of the
stress should be emphasized; sine the beneficial or deleterious
outcome is based on them [10]. GADD34 protein binds the
catalytic subunit of protein phosphatase 1 (PP1c) and serves as
a negative feedback loop to deactivate PERK action by de-
phosphorylating eIF2α, and so brings about the recovery of
protein translation after its initial inhibition [11]. ATF3 is a
member of the ATF/CREB subfamily of basic-region leucine
zipper (bZIP) proteins, which contributes to expression of
CHOP and GADD34.

Another effector protein that is phosphorylated by PERK is
nuclear factor erythroid2-related factor 2 (Nrf2), which is a
component of Nrf2/Keap1 complex. PERK-dependent phos-
phorylation triggers the dissociation of Nrf2/Keap1 com-
plexes and thereby allows Nrf2 nuclear import. Moreover,
Nrf2 nuclear translocation is independent of eIF2α phosphor-
ylation. Finally, targeted deletion of Nrf2 reduces cell survival

following ER stress. These findings suggest that Nrf2 func-
tions as an effector of PERK cell survival signaling [12].

Inositol-Requiring Enzyme 1 (IRE1)

Like PERK, IRE1 is also a type I transmembrane kinase.
There are two subtypes of IRE1 in mammalian cells, IRE1α
and IRE1β. IRE1α is expressed ubiquitously, while the ex-
pression of IRE1β is limited to cells of the gut. Besides, mice
knockouting IRE1α exhibit early embryonic lethality, while
mice knockouting IRE1β express phenotypic normally [13,
14]. But both are essential for activation of the UPR. During
ER stress, IRE1-bound GRP78 is released from IRE1. Once
this release occurs, the structure of IRE1 allows it to bind to
unfolded proteins, IRE1 active and protect cells from further
damage. On the other hand, the splicing of X-box binding
protein 1 (XBP1) mRNA can be induced by IRE1α when ER
stress occurs which lead to the removal of a 26-
nucleotideintron from XBP1 mRNA and a protein-
frameshift that generates the active form of this protein [15].
It used to be widely accepted that IRE1α signaling was
suspended during irremediable ER stress to initiate apoptosis
[16]. However, more and more evidences show that IRE1α
persistently adjusts the capacity of protein folding and directs
UPR signaling [17, 18]. By the way, a recent research shows
that the action of IRE1α on miRNA biogenesis is direct and
that it antagonizes classical processing by DICER to derepress
a translational block to entry into apoptosis [17].

Fig. 2 Three UPR arms in
eukaryotes. During ER stress,
GRP78 dissociates from PERK,
IRE1, and ATF6 and lead them
active. PERK phosphorylate
eIF2α which transient attenuate
protein translation in order to
decrease in protein loading into
ER. However, eIF2α
phosphorylation selectively
translates ATF4 and induces Nrf2
nuclear import. IRE1 arm splices
XBP-1 mRNAwhich lead a
frameshift of this protein and its
nuclear import regulate UPR
target genes. Activated ATF6
translocate to the Golgi by COPII
vesicle where it is cleaved by S1P
and S2P, and the cytoplasmic tail
of ATF6 acts as a transcription
factor to regulate UPR target
genes
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Activating Transcription Factor 6 (ATF6)

Similar with the former two sensors, ATF6 is also a trans-
membrane protein which remains inactive in the unstressed
cells because of binding to BiP. However, in response to ER
stress, BiP dissociation permits Golgi localization sequence
sites of ATF6 explosion and ATF6 transforming to the Golgi
complex via COP II vesicles, where ATF6 is sequentially
cleaved by two proteases (site-1 protease and site-2 protease)
to yield a N-terminal cytosolic fragment, ATF6(N) that mi-
grates to the nucleus to further activate transcription of UPR-
responsive genes [19]. However, it is unclear if BiP dissocia-
tion is the sole driving force for ATF6 translocation. The
serine protease site-1 protease (S1P) cleaves ATF6 in the
luminal domain and the N-terminal portion is subsequently
cleaved by the metalloprotease site-2 protease (S2P) [20].
ATF6 cleavage does not, however, occur when cells are de-
prived of sterols, nor is cleavage dependent on the sterol-
responsive element binding protein (SREBP) cleavage acti-
vating protein (SCAP), which escorts SREBP to the Golgi for
proteolysis [21].

Evidence of ER Dysfunction in AD

A number of reports have described manifestations of ER
stress in postmortem brain samples from AD patients; contin-
uously, there are also papers that report the presence of ER
stress in animal and vitro models. To human samples, for
instance, BiP increased in neurons which associated with
amyloid deposits in AD brains [22]. Besides, PERK and
eIF2α phosphorylation is also increased in AD brains [23,
24], and CHOP is upregulated in the temporal cortex of AD
brains [25]. There’s also occurrence of XBP1 mRNA splicing
in AD temporal cortex and hippocampal tissue [25]. In addi-
tion, heat shock protein (HSP72) is increased surrounding
neuritic plaques and neurofibrillary tangles from AD brains
[26]. In animal and vitro models, using drugs or gene knock-
out and gene silence technology further confirm the associa-
tion between ER dysfunctions and AD.

Mechanisms Linking ER Stress to AD

ER Stress and Presenilin

PS1 and PS2 are highly homologous; they both are important
components of the γ-secretase complex. γ-secretase contain-
ing mutation-altered presenilin could still catalyze the cleav-
age of β-amyloid precursor protein (APP), but the proteolytic
site is altered. General γ-secretase yields mostly Aβ40 with
smaller amounts of Aβ42, but mutant γ-secretase produces
more Aβ42. However, Aβ42 is more amyloid genic and more

prone to aggregate than Aβ40. In addition, calcium dysregu-
lation has been presumed as another pathway by which the
presenilins contribute to the pathogenesis of AD. That’s why
presenilin could cause AD. On the other hand, presenilin has a
close association with ER stress. We will review the associa-
tion between ER stress to PS1 and PS2 separately in the
following article.

ER Stress and PS1

PS1 is a component of the γ-secretase which is taking part in
the cleavage process of APP. A research of a family with
Alzheimer’s disease shows that mutation of PS1 gene was
discovered among patients and their progeniture are also
carriers of this mutation. Mutated presenilin transfected into
cultures of murine neuroblastoma and human kidneys pro-
voked production of β-amyloid with increased Aβ42/40 ratio
[27]. Mutant PS1 may selectively increase Aβ42 secretion
when N-glycosylation is impaired. As PS1 is an integral
membrane protein which is mainly located in the ER, it leads
us to study the relationship between PS1mutations and the ER
stress.

PS1mutations connect with ER stress by interfering with
the signaling pathways of the UPR. And the decrease of
GRP78 mRNA in PS1 mutation brain indicates that this
mutation could perturb the stress response by inhibiting the
unfold protein response and therefore increase cells suscepti-
bility to ER stress. However, another research shows contrari-
ly: neither the activation of IRE1α and PERK, nor the coor-
dinate induction of BiP and CHOP mRNA and protein is
impaired in cells lacking PS1 function. In addition, in contrast
to previous work that reported diminished levels of BiP in
brains of patients with PS1-linked FAD, they failed to find
significant decreases in the levels of BiP in the brains of
individuals with sporadic AD, or patients with FAD carrying
PS1 mutations [28]. These conflicts are possibly because the
effects of PS1 mutations could be masked by treatment with
excessive doses of ER stress inducers or by prolonged stimu-
lation. Another possibility might be the cells latter used are
less sensitive to ER stress. What’s more, to detect those subtle
defects of BiP/GRP78 mRNA in PS1 mutation-expressing
cells, the cells need to be carefully handled under the same
experimental conditions. At present, this area is still contro-
versial. It also indicates that the expression of BiP alone is
inadequate to assess the activation of unfolded-protein-
response signaling. The phosphorylation of eIF2α is proven
to be increased in PS1 mutant knock-in mice, in other words,
PS1 could inhibit eIF2α phosphorylation [29]. In fact, FAD-
mutant PS1 disturbs the UPR by attenuating both the activa-
tion of PERK and the phosphorylation of eIF2α. From the
researches upon, FAD- mutant PS1 influences the UPR by
various aspects.
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Damaged ER organization and loss of general ER functions
were also found in connection with presenilin-1 mutation.
Furthermore, disordered ER homeostasis, not reversed by
the mechanisms of UPR, could result in autophagy [24, 30].
There is much evidence that the homeostasis of
autophagocytosis is disturbed in AD which displays protein
aggregation [31]. Aging, a major risk factor of AD, is also
associated with defects in autophagocytosis [32]. What’s
more, recent studies have revealed that the stimulation of
autophagy can reduce amyloid-β accumulation and alleviate
memory deficits in the transgenic AD mice [33].

In addition, some cell culture studies show that the PS1
mutation perturbs subcellular calcium homeostasis and in-
creases production of free radicals in affected cells. PS1 mu-
tations sensitize neurons to DNA damage-induced death by
promoting ER-mediated apoptotic proteolytic cascades such
as activation of calpains and caspase-12 [34]. Moreover, mu-
tations in PS1 increase cellular susceptibility to apoptosis
induced by various insults, including withdrawal of trophic
factors and exposure to Aβ.

ER Stress and PS2

PS2 is another component of the γ-secretase except PS1.
Recently, a study shows that PS2 mutation has a close rela-
tionship with the onset of cognitive impairment in associative
trace eyeblink conditioning in APP transgenic mice. This is
the first study to elucidate the effect of PS2mutation onmouse
eyeblink conditioning [35]. An alternative spliced form of the
PS2 genes (PS2V) lacking exon 5 has previously been report-
ed to be expressed in human brains in sporadic Alzheimer’s
disease (AD). Gene lack of exon 5 expresses frameshift mu-
tations in 6 exon and produces terminator codon leading to
premature translation termination. PS2V-encoding protein ex-
presses mainly in the hippocampal CA1 region and temporal
cortex in AD patients.

Under the condition of the ER stress, genes such as
GRP78/BiP and GRP94 are widely known to be increased
right away to refold the unfolded proteins and protect cells
from injury. However, the process seems to be attenuated in
PS2 expressed cells. The decrease of GRP78 mRNA is be-
cause of the impaired phosphorylation of IRE1, which sup-
posed to be phosphorylated dealing with the unfolded protein
in the ER [36]. What’s more, PS2V protein could significantly
stimulate the production of both amyloidβ40 and β42 and
changes the structure of tau protein, which is a major compo-
nent of neurofibrillary tangles [37]. In order to explain the
impaired phosphorylation, researchers do some experiments
showing that PS2V directly binds to IRE1 on themembrane of
the ER. Nevertheless, the cause of the decrease in phosphor-
ylated IRE1 by PS2V is yet to be studied [36]. Researchers
purify high mobility group A protein 1α which could bind to
DNA as a transcription factor and adjacent to the 5′splice site

of the PS2 pre-mRNA. The expression of HMGA1 proteins is
detected to be increased though researches of the hippocam-
pus of sporadic AD patients [38]. Therefore, hippocampus of
sporadic AD patients exist abnormal mRNA clip which in-
duces the impairment of ER stress response mechanism as an
important factor of neurodegeneration.

ER Stress and Aβ

Aβ is the main component of extracellular senile plaques
which produced from sequential proteolytic cleavages of the
type 1 transmembrane APP by β- and γ-secretase whose
neurotoxicity plays a significant role in the development of
AD. It induces neuronal degeneration and apoptosis which
relate closely to the cognitive dysfunction of AD patients.
There’s a new hypothesis that AD memory failure is caused
by small soluble oligomers of the Aβ peptide, toxins that
target and disrupt particular synapses. It is now supported by
more than a decade of further investigation, with over 1,000
papers addressing the oligomer hypothesis [39].

Under normal circumstances, GRP78/BiP could bind the
APP in order to inhibit the production of Aβ. However, when
ER stress responses abnormally, such as PS1 mutation and the
aberrant splicing of PS2, the expression of molecular chaper-
one would be inhibited leading to the increase of the produc-
tion of Aβ and the vulnerability to ER stress [36]. APP
supposed to be glycosylated at its amino terminal and then
transports to Golgi complex to process c-terminus glycosyla-
tion. But in cells lack ofΔIREl, this process will be inhibited
leading unfolded and abnormal hydrolysis of APP in ER to the
increase of Aβ. On the other hand, it has been proposed that
Aβ can directly mediate ER stress responses and apoptosis. In
addition, ER Ca2+ release which involved in oligomer-
induced GSK-3β activation and tau phosphorylation could
cause AD [40].What’s more, Aβ-induced sustained activation
of the ER stress which could be detected by the significant
increases of ATF4, unspliced XBP1, spliced XBP1, active
ATF6α, and the ER chaperone GRP78/BiP in cultured cells
could cause brain endothelial cell death which deposits in the
cerebral vessels in many AD patients and transgenic mice. To
elaborate, incubation of rat brain endothelial cells treated with
Aβ show significant decrease in cell lifespan and cell viability
but increase in the number of apoptotic cells. Additionally, as
the result of treatment with Aβ, the calcium homeostasis in or
outside ER may be impaired. More Ca2+ release from ER to
cytosolic, though before the activation of apoptotic cell death,
also contribute significantly to the pathological process of AD
[41]. As to apoptosis, Aβ1–42 activates caspase-12 in primary
neurons through calpain activation and caspase-12 knockout
neurons are partially resistant to Aβ-induced cell death [34].
The presence of functional mitochondria is required for ER
stress-mediated apoptotic cell death and there is a crosstalk
between ER andmitochondria in Aβ-treated cells [42]. On the
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contrary, mitochondrial dysfunction affects the ER stress re-
sponse by enhancing the neuronal susceptibility to Aβ-
induced ER stress [43].

In addition, Aβ could disrupt the anchoring between ER
andmicrotubules (MT) in order to affect the architecture of the
ER and induce collapse of ER which may play an impor-
tant role in Aβ peptide-triggered neurodegenerative pro-
cesses. Remarkably, this process is independent on
UPR. After ER architecture being altered, autophagy is
triggered and lysosomal degradation enhanced, as shown
by electron microscopy and live-cell imaging [44].
Using drugs to stabilize MT could partially inhibit col-
lapse of the ER and induction of autophagy which
could be a therapy approach of AD.

What is the effect of Aβ on the unfold protein response?
Increased BiP expression detected on application of exoge-
nous amyloid β to primary cortical neurons suggests that
accumulation of the peptide could activate ER stress signaling
ways [40, 45]. Actually, phosphorylation of PERK, p-eIF2a,
and cleavage of ATF6 also could be markers of the evidence
of activation of UPR in Aβ treated neuronal cells. However,
short-term treatment of Aβ (within 6 h) preferential augment-
ed activation of the PERK pathway in neurons [45]. In amy-
loid β- induced ER stress, PERK and eIF2α were phosphor-
ylated which could promote the induction of ER chaperones
and confers resistant to aggregated protein toxicity in neuronal
cells. On the contrary, PERK silenced limited the eIF2α
phosphorylation and enhanced cell death [40, 45]. In addition,
amyloid-β42 treatment induces CHOP (also termed
GADD153) expression both in cultured cells and rabbit hip-
pocampus and pretreatment with CHOP antisense RNA im-
proves survival after exposure to amyloid β, which suggests a
role for CHOP in amyloid-β-mediated cell death. That’s be-
cause CHOP acts to transcriptionally inhibit protective cellu-
lar molecules such as Bcl-2 and glutathione. Moreover, IP3-
mediated calcium release from ER, stimulated by Aβ expo-
sure, mediated CHOP expression [46]. Moreover, Aβ could
activate the ER stress response factor XBP1 in transgenic flies
and in mammalian cultured neurons, and its active form
XBP1s shows neuroprotective effect on the two different
AD models (prevents the accumulation of free calcium in
the cytosol), whereas knockdown of XBP1 exacerbates
amyloid-β toxicity [47]. Intraneuronal accumulation of Aβ
may be associated with ER stress in the brains of AD patients
at an early stage.

ER Stress and Tau

In addition to senile plaques, intracellular neurofibrillary tan-
gling of hyperphosphorylated aggregates of microtubule-
associated protein tau leading to the formation of NFTs is
another pathological hallmark of AD. As mentioned above,
activation of UPR can be found in postmortem brains of AD

patients, in turn, markers for activation of UPR are abundant
in neurons with phosphorylated tau. Those observations sug-
gest a close linkage between ER-stress and tau pathology.

UPR activation is observed in postmortem AD brains and
is associated with the early stage of neurofibrillary degenera-
tion and tau phosphorylation [48]. The immunoreactivity of p-
PERK which was found to be co-localized with tau phosphor-
ylation was markedly increased in the hippocampus of
TgTauP301L mice compared to age-matched controls indicat-
ing that ER-stress was increased in aged TgTauP301Lmice [49].
OAwhich could reduce protein phosphatase 2A activity there-
by induces hyperphosphorylation of tau [50] could trigger
UPR [49]. The evidence could be the increase of the immu-
noreactivity of p-PERK, p-eIF2α, splicing of mRNA for xbp-
1, and elevated levels of mRNA for GADD153. UPR activa-
tion (pPERK and pIRE1 phosphorylation) is prominently
presenting cases that can be neuropathologically classified as
FTLD-tau (frontotemporal lobar degeneration with
taupathology), but is undetectable in other FTLD cases [51].
These data indicated that UPR activation is intimately con-
nected with the accumulation and aggregation of tau. Brains
from AD patients and rTg4510 tau transgenic mice all show
abnormal accumulation of CD3∂ which is an ERAD substrate
in ER and activation of PERK. The mechanism that how tau
accumulation facilitating its deleterious is interacting with ER
membrane and associated proteins that are essential for
ERAD, including VCP and Hrd1. Interestingly, this process
could be reversed if soluble tau was depleted, suggesting that
strategies aimed at reducing soluble tau could be beneficial for
tauopathies including AD [52]. Thapsigargin could inhibit
intracellular Ca2+-transport ATPase and induce perturbation
of intracellular calcium homeostasis in order to induce ER
stress. The band intensity of phosphorylated tau at Thr231,
Ser262, and Ser396 was found to increase by treatment with
Thapsigargin. Those all indicate that ER stress could induce
tau phosphorylated. These findings suggested that ER-stress
and phosphorylation of tau could be induced by each other to
form a vicious cycle in AD [49].

Another vitro studies suggest that Aβ1–42 oligomers
could not only induce ER stress but also increase tau phos-
phorylation and compromise cell survival through a mech-
anism mediated by GSK-3β activation [40]. Moreover,
GSK-3β is found to be increased co-localizing with
pPERK in neurons form AD brain [48]. These findings
suggest that UPR activation induced by Aβ is an early
event during tau pathology and point to a functional crosstalk
between these molecular mechanisms in tauopathies [53]
(Fig. 3).

ER Stress and Neuronal Cell Death

Neuronal death is the most common and critical feature
of neurodegenerative disorders such as Alzheimer’s
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disease. As autophagy plays protective roles in the
pathogenesis of AD, apoptotic plays the opposite. In
spite of many studies used to focus on mitochondria
as a key mediator of cell death in AD, several recent
reports suggested that neuronal death in AD has its
origin in ER (Fig. 4).

ER Stress and Apoptotic

ER stress triggers an adaptive program called the UPR, which
aims to clear unfolded proteins and restore ER homeostasis.
However, when the insult is too great, ER stress cannot be
reversed; apoptotic cell death will often follows [10].

Fig. 3 ER stress and neuronal
cell death. IRE1α induces the
activation of the ASK1, and then
JNK activation followed, ending
with apoptosis. Besides, Aβ
could activate the ASK1 cascade
which induces apoptosis in cells.
In addition, PERK pathway
induces CHOP which activated
GADD34 to promote protein
dephosphorylation of elF2α and
enhances ROS production as a
result of cell death. However,
CHOP inhibited BCL-2 family
expression. Activated IRE1 on
the ER membrane recruitsTRAF2
and then activates JNK which
could induce autophagy during
ER stress. There is a crosstalk
between ER and mitochondria in
Aβ-treated cells. Under ER stress,
a caspase-mediated apoptotic cell
death pathway that involves
caspase-9 and caspase-3
activation is triggered, leading to
cell death

Fig. 4 ER stress and tau. The
phosphorylation of PERK and
Aβ1–42 oligomers both could
activate GSK-3β to induce tau
phosphorylation. On the other
hand, p-PERK, p-eIF2α, splicing
of mRNA for xbp-1, and elevated
levels of mRNA for GADD153
could also be detected under ER
stress. Microtubule bound with
tau remains stable but dissociation
when loss of tau binding and tau
sequestered in NTFs
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Among the UPR signaling pathways, IRE1α is the most
important protein that plays as a regulator of cell fate in
apoptosis activation [17]. IRE1α could induce the activation
of the apoptotic-signaling kinase-1 (ASK1), which subse-
quently causes activation downstream of stress kinases Jun-
N-terminal kinase (JNK) and p38 MAPK that promote apo-
ptosis as a component of the IRE1-TRAF2-ASK1 cascade
[54]. The substrates of JNK are Bcl-2 and Bim, which are,
respectively, inhibited and activated by JNK phosphorylation.
Besides, ASK1-mediated JNK activation has the potential to
incite AD pathogenesis through increasing Aβ production,
enhancing inflammation response, or even inducing NFTs
aggregation. In addition, p38 MAPK phosphorylates and ac-
tivates CHOP, which causes changes in gene expression that
favor apoptosis, including increasing expression of Bim and
DR5, while decreasing expression of Bcl-2 [55]. By the way,
Aβ could activate the ASK1 cascade which induces apoptosis
in SH-SY5Y cells [56]. Those evidences prove that ASK1
might be a new approach of therapeutic intervention to pre-
vent or treat AD. In addition, PERK/eIF2α-dependent path-
way induces the pro-apoptotic transcriptional factor CHOP.
CHOP-mediated activation of GADD34 promotes protein
dephosphorylation of elF2α reversing translational inhibition
which contributes to permit translation of mRNAs encoding
pro-apoptotic proteins [55]. GADD34 expression enhances
reactive oxygen species (ROS) production possibly by pro-
moting protein synthesis, which may trigger proteotoxicity
and induces cell death. Most attention has been paid to
BCL-2 family members in cell death induced by CHOP.
BCL-2 is a superfamily of proteins that includes both pro-
apoptotic and anti-apoptotic proteins. The expression of BCL-
2 is reduced by CHOP under ER stress which induces cell
apoptosis. In addition, some components of the BCL-2 family
such as BH3-only proteins, BIM, PUMA, and NOXA also
exhibited an increase under ER stress conditions. Remarkable,
the hypersensitivity of PERK-deficient cells to ER stress is
reversed by silencing of NOXA, suggesting an important role
of the BCL-2 family of proteins in the cell death process [57].

As mentioned above, we have demonstrated that the PS1
mutants and the aberrant splicing of PS2V increase the vul-
nerability of cells to ER stress and induce apoptosis in FAD
and SAD, respectively. However, what are the specific mole-
cules which are taking part in cell death in the case of AD still
remains unclear [58]. It has been reported that caspase-12
knockout mice show resistance to death caused by apoptosis
induced β-amyloid protein, which is approved to play the
most important role in the occurrence of neuronal apoptosis
in AD [59]. Caspase-12 is specifically localized on the outer
membrane of ER which needs cleavage for activation and
calpain is in charge of this cleavage at N-terminal region. It
has been reported that GRP78 binds to caspase-7 and caspase-
12, and prevents the release of caspase-12 from ER. Under ER
stress conditions, caspase-7 associates with caspase-12 and

cleaves it into active form [60]. However, unfortunately it was
later found that caspase-12 is only expressed in mice and rats.
Later on, researchers using the sequence of mouse caspase-12
as a probe, obtain caspase-4 with a high similarity to caspase-
12 which may be considered as human caspase-12 [58]. Since
this enzyme is known to only exist in human cells, so it is
impossible to conduct the caspase-4 knockout experiment in
mice to insure its association with cell death. However, im-
munostaining on the ER membrane was decreased by using
the RNAi-based knockdown technique, and cell death due to
Tg stimulation was reduced. In contrast, cell death due to non-
ER stress (Etop) was not affected. In SK-N-SH cell immuno-
staining of caspase-4 shows increase in the cytoplasm of
pyramidal cells from the hippocampal region of the brains of
AD patients [58]. These findings suggest that caspase-4 may
be a particular caspase in human and has a close connection
with cell death in AD patients.

In addition, the perturbation of ER Ca2+ homeostasis may
be another important link in ER stress and apoptosis. Acute
and large release of Ca2+ from the ER can trigger a variety of
signaling mechanisms that induce cell death while the deple-
tion of Ca2+ in ER can induce ER stress. So it is an interac-
tional process. As mentioned above, ER stress response could
lead to the increase of the production of Aβ which could
exactly activate the mitochondrial-mediated apoptotic path-
way by a mechanism involving the release of Ca2+ from ER
through channels associated with ryanodine receptors (RyR)
and inositol 1,4,5-trisphosphate receptors (IP3R) [61]. When
large numbers of Ca2+ are released to cytoplasm, mitochon-
dria can capture them and collapse mitochondrial membrane
resulting in the release of apoptosis factor, including cyto-
chrome c, Smac/Diablo, HtrA2/Omi, and others [62, 61]. Due
to the researches upon, apoptosis do have a great relationship
with ER stress and increase the vulnerability to AD.

ER Stress and Autophagy

Autophagy is a self-sacrificing mechanism, which has impor-
tant role in cell fate as well as maintaining cell metabolic
balance [63]. Neurons, because of their extreme polarization,
size and post-mitotic nature, they may be particularly suscep-
tible to the accumulation of aggregated or damaged cytosolic
compounds, or membranes, and depend on autophagy for
survival [64]. Thus, the significant roles of autophagy in
nervous system are associated with maintaining the balance
between the formation and degradation of cellular proteins as
defects in autophagy pathway have been related to neurode-
generative diseases, such as AD. Alterations of autophagy
have also been observed in Alzheimer’s disease, for instance,
some autophagosome-like structures were found in dystrophic
neurites of Alzheimer’s disease patients and model mice. This
probably owes to the impairment of autophagosome matura-
tion into autolysosomes. There’s also a hypothesis that
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impaired autophagic flux provides a novel site for Aβ peptide
production [65]. As mentioned above, ERAD is recognized as
the predominant cellular mechanism for removal of unfolded
proteins in the context of ER stress; however, recent studies
have shown that autophagosome formation is increased
during ER stress [66].

It has been shown that activated IRE1 on the ERmembrane
recruits tumor necrosis factor receptor-associated factor 2
(TRAF2) and then activates JNK. In IRE1-deficient cells or
cells treated with JNK inhibitor, the autophagy induced by ER
stress was inhibited. Those data indicate that activation of
JNK through the IRE1-TRAF2 pathway is required and plays
a role specifically in autophagy activation during ER stress
[63]. However, in other cases of IRE1-deficient cells, the
autophagy could be induced, indicating that a signaling path-
way other than the IRE1-JNK pathway may also play impor-
tant roles in the activation of autophagy signaling under ER
stress. The previous findings proposed that the PERK-eIF2α
pathwaymay associate with activation of autophagy under ER
stress. However, recent data showed that the PERK-eIF2α
pathway is not essential for ER stress-induced autophagy.
PERK-deficient cells and ATF6 knockdown cells showed that
autophagy was induced after ER stress in a manner similar to
the wild-type cells [63]. Disturbance of autophagy rendered
cells vulnerable to ER stress, suggesting that autophagy plays
roles in protecting against the cell death induced by ER stress.
So it is reasonable to assume that autophagy could be a
therapeutic target for the treatment of AD. For example,
upregulation of autophagy by the regulatory of rapamycin or
its analog CCI-779 which are target of rapamycin (TOR)
inhibitors, to protect against neurodegeneration seen in
models in Drosophila and mice [67]. What’s more, ER stress
induced by thapsigargin could be alleviated by 4-
phenylbutyric acid (4-PBA) through the unfolded protein
response related proteins including GRP78, GRP94, C/EBP
homologous protein, phospho-eIF-2α, eIF-2α, phospho-
JNK1, and phosphor-JNK2/3, JNK1, IRE-1α, PERK, and
sXBP-1. This suggests that 4-PBA may also be a potential
therapeutic agent against ER stress-associated pathologic
situations [68].

Regulating the Machinery of ER Stress as a Target
in the Treatment of AD

Various approaches can be optional for the therapy pathways.
First of all, it is required that strategies should be made to
enhance the resistance of cells to conditions related to ER
dysfunction. Secondly, to block the pathological process
which is the main cause to the functional ER impairment
should be considered into therapeutic intervention design.
Finally, action should be taken to stimulate the refolding of
unfolded proteins and to protect cells from irreversible

damage which leading by the accumulation of unfolded pro-
tein in ER stress conditions. Now, based on lab data, all three
approaches are proved to have therapeutic value in suppress-
ing or blocking the pathological process which cause ER
stress [69].

The first is therapy approach enhance cells resistance. As
represented above, the onset of Alzheimer’s disease has a
close association with ER stress, so we hypothesize that
enhancing cells resistance could confer protection under ER
stress circumstances. Study shows HCT116 cells with a
DICER hypomorphic mutation (Exn5/Exn5) or where
DICER or DROSHA were knocked down were resistant to
ER stress-induced cell death, showing that loss of miRNA
biogenesis increased resistance to ER stress-induced cell death
[70]. This suggests that disruptedmiRNA biogenesis may be a
target for future therapeutic treatments.

The secondly approach is to block the pathological process.
A major pathological process resulting in ER dysfunction in
various acute disorders and degenerative diseases of the brain
is oxidative stress caused by a rise in reactive oxygen species
to levels exceeding antioxidant activity. This allows us to
predict that drugs with antioxidant activity are prominent
candidates for AD prevention and therapy [69]. The current
clinical commonly used drugs are Selegiline, Vitamin E,
melatonin, gingko biloba, and so on. However, there is still a
long way to go in the development of the antioxidant drugs.

Finally, its turn for the last available approach help in
stimulating refolding of proteins. Chemical chaperones can
be the chief element to handle this problem. Chemical chap-
erones are a group of low-molecular mass compounds that
stabilize the folding of proteins and buffer abnormal protein
aggregation. Chemical chaperones like DMSO and TMAO
have been studied in vitro, and showed reduced cytotoxicity
and cell death, which has been reported to be a good thera-
peutic strategy [71]. Drugs such as geldanamycin could mod-
ulate and enhance chaperone levels [72–74]. Once a study
shows Geldanamycin, which specifically binds hsp90 and
GRP94, is a potent inducer of the cellular response to stress
in the ER, resulting in the transcriptional upregulation of ER
chaperones and expression of the gadd153/CHOP transcrip-
tion factor. Besides, a lot of data strongly suggest that the
increase in mRNA levels is due to geldanamycin effects on
GRP94 but not hsp90. But then again, Hsp90 is a major
cellular chaperone whose function is to maintain protein qual-
ity control and assist in protein degradation. However, much
evidence indicates that as the development of the age and the
enhanced oxidative stress, this system becomes less efficient
which leads to oxidation and nitration of proteins, as well as
the chaperones themselves, allowing for the accumulation of
more misfolded proteins [75–77]. This indicates that Hsp90
inhibitors could provide therapeutic benefits in AD. For in-
stance, phenylbutyrate, blocking the binding of ATP to Hsp90
protein [78], delays cognitive deficits and reduces tau
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pathology in AD mouse model [79]. A study conducted by
Terracciano, S. et al finds that dimeric and trimeric triazole-
based molecules seem to be a new class of Hsp90 molecular
chaperone inhibitors which may provide a new approach for
the treatment of AD.

Conclusions and Future Perspectives

Thanks to neuroscientists’ hard work, the processes induced
by ER dysfunction and their definitive associations with AD
have been demonstrated in considerable detail in the last
decade. And modulation of these machineries allows the
development of therapeutic strategies for neurological dis-
eases that are caused by ER dysfunction. However, as we
continue to explore, there are many terra incognita waiting.

Future studies are much required to understand the physi-
ological significance of ER stress and UPR signaling in dis-
ease pathogenesis. For example, Salubrinal could prolong the
phosphorylation of eIF2α and has been shown to be protective
in cells under ER stress [80]. However, there is conflicting
evidence that whether inhibiting or activating eIF2α-P is the
prudent approach to be take when modulating the UPR. The
answer may lie in the nature of the ER stress, and more
importantly, in its duration. Future studies should be conduct-
ed to detect what level of UPR signaling is ideal for enabling
cellular adaptation and survival? And which process of UPR
could be the most effective one for drugs to target? How can
we selectively modulate the ER stress responses in sick but
not healthy cells? As ER stress pathways have been found to
promote antitumor immunity by enhancing immunogenicity
of dying cancer cells, there’s an emerging link between ER
stress, cell fate decisions, and immunomodulation and the
potential therapeutic benefit of targeting this multifaceted
signaling pathway in anticancer therapy [81]. Does ER stress
in the onset of other diseases like cancer and diabetes have the
same mechanism to neurological diseases? Whether we can
draw on the experience of treatment of other diseases? What’s
more, it remains to be determined whether or not the UPR
participates in cognitive functions of the nervous system. This
could also contribute a lot for treating nervous system dis-
eases. The mechanisms leading to accelerated neuronal cell
death in AD are still largely unknown, we wonder if ER
interconnects with other cellular organelles to modulate cell
death. All in all, we sincerely hope researchers could put more
efforts on the precise mechanism of UPR and ER stress for
new treatments which would surely benefit a lot to protect AD
patients.
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