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Cellular responses to endoplasmic reticulum stress
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Summary. The Endoplasmic reticulum (ER) is a highly dynamic organelle that provides high fidelity quality control
in protein synthesis, maturation and transport. The complex function of the ER can be significantly influenced by
various factors both inside the cell and in its microenvironment. Disturbances in ER protein folding capacity result
in accumulation of misfolded proteins in the ER lumen and in activation of ER stress. The unfolded protein response
(UPR) normally has prosurvival functions and protects cells by providing the reestablishment of protein processing
and cellular homeostasis. However, prolonged and excessive ER stress results in activation of apoptotic pathways.
Dysregulation of ER function has been recognized as a cause of numerous pathophysiological conditions. Therefore,
detailed investigation of ER stress signaling during disease may provide promising approaches in the development

of UPR-modifying therapeutic strategies.
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INTRODUCTION

The endoplasmic reticulum (ER), which is present in
all eukaryotic cells, represents a membranous labyrinth of
branching interlinked tubules and flattened sacs extending
from the perinuclear space throughout the cytoplasm, and
is responsible for an assortment of critical cellular house-
keeping functions. The rough ER, assembled with ribosomes,
plays a key role in protein synthesis, folding, posttranslation-
al modification, and transport. The smooth ER has a central
role in the biosynthesis of lipids and steroids, assembly of
lipid bilayers, metabolism of carbohydrates, metabolism of
drugs and xenobiotics and regulation of calcium intracel-
lular homeostasis. The morphology and the extent of the ER
network organization very much depends on the predomi-
nant function of specific cells and tissues. All eukaryotic cells
have significant amounts of rough ER that is essential for the
synthesis of plasma membrane proteins and proteins of the
extracellular matrix. Rough ER is particularly abundant in
secretory cells, where a large fraction of the cytosol is oc-
cupied by rough ER, oftentimes more than 10% of the total
cell volume (Schonthal 2012a).

Quality control mechanisms of the cell ensure that
newly synthesized proteins are folded into their correct con-
figuration according to their function and destination in the
cell. Therefore, protein folding in particular represents an
exquisitely orchestrated aspect of protein synthesis in the ER
that involves pathways for folding, assembly, modification,
quality control, and recycling. In addition to an oxidizing
environment, protein folding requires the participation of
chaperone proteins, glycosylating enzymes and adequately
high calcium (Ca**) levels (Schonthal 2013). Appropriate
folding of the nascent polypeptide chain is achieved through
the actions of a series of molecular chaperones and foldases,
which keep the polypeptide in soluble form and facilitate
folding into a thermodynamically favored structure (Luoma
2013).

The lumen of the ER is rich in Ca**-dependent molecu-
lar chaperones, such as glucose-regulated protein 78 (GRP78,
also called BiP: immunoglobulin heavy chain-binding pro-
tein, HSPA5), GRP94, calnexin, calreticulin. Moreover, en-
zymes involved in posttranslational protein modifications,
such as protein disulphide isomerase (PDI), oxidoreductases,
enzymes involved in protein glycosylation and lipidation,
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and numerous other proteins involved in lipid and mem-
brane biosynthesis, are located in ER lumen (Braakman and
Bulleid 2011).

Since the ER provides high fidelity quality control in
protein synthesis, maturation and transport, it is a highly dy-
namic organelle, whose complex function can be significant-
ly influenced by various factors both inside the cell and in
its microenvironment. N-linked glycosylation of proteins is
impaired under conditions of low glucose supply (Csala et al.
2012). The imbalance in cellular redox homeostasis caused
by hypoxia and prooxidant or reducing agents interferes with
disulfide bonding of proteins (Hagiwara and Nagata 2012).
Depletion of calcium levels has an effect on the activity of
Ca”"-dependent chaperones (Krebs et al. 2011). Viral infec-
tions may overload the ER lumen with virus-encoded pro-
teins (von dem Bussche 2010). A diet rich in sugars and fats
(chronic hyperglycemia and hyperlipidemia) has also been
linked to increased ER stress, particularly in the liver and
in insulin secreting pancreatic 3-cells (Dara and Kaplowitz
2011; Back and Kaufman 2012; Fu et al. 2012). Other fac-
tors include protein mutations, environmental toxins, hyper-
thermia, acidosis, metabolic starvation and aging. Failures
in control mechanisms lead to accumulation of unfolded,
misfolded, insoluble or otherwise damaged proteins in the
lumen of the ER resulting in a state known as ER stress.

DISCUSSION

The unfolded protein response

Continued accumulation of incorrectly folded proteins
can irreversibly and irreparably damage cellular functions
leading to cytotoxicity. Therefore, several cellular sensors
and pathways have evolved to respond to this threat and to
reduce this risk. Prime among these is the unfolded protein
response (UPR), a signaling pathway primarily aiming at
protecting cellular integrity by restoring proper ER folding
capacity and overall protein processing (Chakrabarti et al.
2011). However, terminally misfolded proteins that cannot
be repaired may be removed from the cell by one of two
separate processes. One process is ER-associated degradation
(ERAD), which involves the retro-translocation of irrepa-
rably misfolded proteins from the ER back into the cytosol,
where they are ubiquitinated and subsequently subjected
to degradation via the proteasome. Furthermore, insoluble
misfolded proteins may be assembled together with other
cellular debris into aggresomes (juxtanuclear complexes that
occur as a cell culture phenomenon, for sequestration of
toxic, aggregated proteins) and then recycled via autophagy
(Nakatsukasa and Brodsky 2008; Clarke et al. 2012).

ER stress response or the UPR, involves a set of adaptive
pathways, signaling across the ER membrane and through
the cytoplasm into the nucleus, resulting in altered gene
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expression patterns with the ultimate goal of alleviating
ER stress and re-establishing cell homeostasis, or, if neces-
sary, to stimulate apoptosis (Tabas and Ron 2011; Jager et al.
2012). Therefore UPR has dichotomic characteristics. Mild or
short-term stress triggers activation of a response that either
leads to neutralization of the initial stress trigger or adaption.
However, if excessive damage is induced by severe or persist-
ing stress, the initial prosurvival efforts are replaced by acti-
vation of a concerted proapoptotic mechanisms resulting in
elimination of the damaged cell. These two opposing forces
of cell survival and cell death ensure survival and protection
of the organisn’s integrity.

The primary goal of UPR is to eliminate inappropriately
folded proteins and reduce the load of newly synthesized
unfolded proteins within the ER. This can be accomplished
through three mechanisms: (a) translational attenuation to
arrest the influx of newly synthesized proteins into the ER
lumen, (b) transcriptional activation of genes encoding pro-
teins involved in protein folding to assist the maturation of
proteins that can be salvaged, and (c) transcriptional activa-
tion of genes coding for components of the ERAD system
to reduce the amount of misfolded proteins (Kimata and
Kohno 2011). However, if the stress is prolonged or severe,
UPR initiates programmed cell death (Hetz 2012).

Key players in the UPR

Accumulation of unfolded or misfolded proteins is de-
tected by ER transmembrane receptors. ER stress engages the
ER molecular chaperone GRP78 and three ER transmem-
brane proteins: protein kinase activated by double-stranded
RNA (PKR)-like ER kinase (PERK), activating transcription
factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1) - to
mobilize the UPR (Fig. 1). These sensors initiate ER-to-nu-
cleus signaling cascades aimed at maintaining ER function
(Kraskiewicz and Fitzgerald 2012). They have an ER-luminal
part that senses the protein-folding environment, and a cy-
toplasmic part that interacts with the transcriptional and/or
translational apparatus (Ron and Walter 2007). These three
arms of the UPR are tightly regulated, with respect to timing
and response amplitude. The activation of particular arms of
the UPR is specific to the source of ER stress and governs cell
fate, supporting either an adaptive response (cell survival) or
a maladaptive response (cell death) (Rutkowski et al. 2006).

GRP78 is a member of the heat shock proteins-70 fam-
ily of chaperones, present in different cellular compartments
(Ni et al. 2011). Within the ER, it acts as a chaperone and
participates in protein folding and assembly. Also, GRP78
negatively regulates the UPR signaling pathways by physical-
ly interacting with luminal parts of the three UPR transduc-
ers: PERK, IRE1 and ATF6 (Fig.1). In the absence of stress,
each is maintained in an inactive state through its association
with GRP78 (Bertolotti et al. 2000). As unfolded proteins
accumulate, GRP78 dissociates from the molecular sensors
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Figure 1. The unfolded protein response pathways.

and binds to hydrophobic domains on the surface of these
unfolded proteins in an attempt to affect their repair (Clarke
et al. 2012). As a result, dissociation from GRP78 leads to
the activation of all three of these transmembrane proteins,
thereby activating three distinct branches of the ER stress
response/UPR (Parmar and Schroder 2012). The significantly
increased amount of GRP78 protein over baseline expres-
sion has become an established indicator and marker for the
presence of cellular ER stress (Zhang LH and Zhang X 2010).

PERK is a transmembrane serine/threonine kinase.
It has a luminal ER-stress sensing domain and is activated
through its homodimerization and transauto-phosphoryla-
tion (Fig. 1). The activation PERK is followed by phosphor-
ylation of eukaryotic translation initiation factor-2 alpha
(eIF2a), which results in global translational attenuation and,
therefore, entry of proteins into the ER, which serves to re-
duce the risk of further accumulation of misfolded proteins
in the ER (Harding et al. 2000). However, phosphorylated
eIF2a promotes the translation of an activating transcription
factor-4 (ATF4), that stimulates a set of genes involved in
recovery and adaptation (Fels and Koumenis 2006). Among
numerous genes, ATF4 induces the UPR effector, a pro-
apoptotic CHOP (C/EBPa-homologous protein, GADD153).
In unstressed cells, CHOP protein levels generally are below

IRE1

PERK ATF6 elF2a

detection levels, but are substantially increased upon acute
ER stress. Its proapoptotic capacity fully emerges only if mis-
folded protein levels remain elevated for extended periods of
time, as is the case when ER stress cannot be suppressed by
the action of GRP78 and other proteins. Prolonged CHOP
expression triggers apoptotic program through a variety of
mechanisms, including downregulation of the antiapoptotic
factor B-cell lymphoma-2 (Bcl-2) and induction of a pro-
apoptotic BH3-only members of the Bcl-2 family (particu-
larly Bim, Puma, and Noxa), ER oxidoreductin-1la and tib-
bles-related protein-3 (Nishitoh 2012; Logue et al. 2013). The
combination of increased BH3 - only protein expression and
the expression of antiapoptotic proteins shifts the balance in
favor of apoptosis, permitting Bax-Bak homo-oligomeriza-
tion and mitochondrial outer membrane permeabilization,
causing cytochrome c release and subsequent apoptosome
formation. CHOP induces death receptor 5 (DR5), which
further sensitizes cells to apoptotic stimulation by a variety
of conditions that cause ER stress (Yamaguchi and Wang
2004). Besides its well-established proapoptotic function,
CHOP also participates in alleviating the general block on
translation via stimulation of GADD34 (growth arrest and
DNA damage inducible protein-34). GADD34 upregulates
an enzyme named protein phosphatase type-1 (PP1), which
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dephosphorylates phospho-elF2a (Kojima et al. 2003). Un-
phosphorylated elF2a resumes its function in order to restart
general translation. PERK also increases levels of tumor sup-
pressor p53. The increase in p53 during UPR response leads
to cell-cycle inhibition, suggesting another adaptive mecha-
nisms for UPR-mediated cell survival (Zhang et al. 2006).

Another target of PERK phosphorylation is nuclear
factor-erythroid 2-related factor 2 (Nrf2), a transcriptional
factor that migrates into the nucleus where it activates genes
encoding for antioxidant proteins and detoxifying enzymes.
Because ER stress may involve the accumulation of reactive
oxygen species (ROS), thereby promoting a state of oxidative
stress, Nrf2 plays a critical role in preventing such perturba-
tions in redox homeostasis (Cullinan and Diehl 2006).

IREI1 is a bifunctional molecule with both serine/threo-
nine protein kinase and endoribonuclease (RNase) activity
in its cytosolic domain. Release from GRP78 triggers its ac-
tivation by homodimerization and autophosphorylation (Fig.
1). The main homeostatic signaling output of IRE1 emanates
from its RNase domain. Thanks to its RNase activity, IRE la
can induce the splicing of a 26 nucleotide intron from X-box
binding protein-1 (XBP1) mRNA, generating a transcription
factor called spliced XBP1 (XBP1s) (Ron and Hubbard 2008).
XBP1s is a highly active transcription factor that regulates
ER folding capacity by binding ER stress-response elements.
XBP1s upregulates chaperones for ER protein folding and
quality control, proteins involved in ERAD and in autophagy.
XBP1s also upregulates synthesis of phospholipids that are
required for the expansion of the ER membrane surface area
needed for maintenance of ER function during ER stress
(Sriburi et al. 2007). IRE1 signaling and XBP1 splicing are
particularly important in highly secretory cells (such as
pancreatic B-cells and plasma cells), where the protein fold-
ing machinery is continuously engaged in producing a high
amount of nascent proteins (Iwawaki et al. 2010).

The second function of IREI is to activate a signaling
cascade involved in controlling cell fate with particular em-
phasis on cell death. Therefore, IRE1 has an intrinsic kinase
activity that appears to be involved in the regulation of its
nuclease function. Upon its activation, IRE1 binds the adap-
tor protein, TNF receptor-associated factor-2 (TRAF2),
which then promotes the activation of c-Jun N-terminal ki-
nase (JNK) via apoptosis signal-regulating kinase-1 (ASK1)
(Urano et al. 2000). Sustained JNK activity during prolonged
ER stress inhibits antiapoptotic members of the Bcl-2 family
of proteins. On the other hand, JNK phosphorylates and ac-
tivates proapoptotic BH3-only proteins, such as Bid (BH3 in-
teracting domain death agonist) and Bim (Bcl-2-interacting
mediator of cell death). When combined, these events lead
to oligomerization of Bax and Bak, resulting in permeabili-
zation of the outer mitochondrial membrane and execution
of the intrinsic apoptotic process (Dhanasekaran and Reddy
2008; Jager et al. 2012). In addition to its endoribonuclease
and kinase activities, in some cell types IRE1 activation has
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been reported to trigger the recruitment of the proapoptotic
ER-resident cysteine protease, caspase 12 (Nakagawa et al.
2000).

ATF6 is a transcription factor that contains a DNA-
binding domain with a basic leucine zipper (bZIP) motif.
Once GRP78 has dissociated from the luminal domain,
ATFG6 is translocated to the Golgi apparatus where it becomes
proteolytically cleaved from its membrane anchor by site 1
(S1P) and site 2 (S2P) proteases, releasing the DNA-binding
domain. The resultant transcription factor then migrates to
the nucleus and binds to promoters containing ER stress
response elements, increasing the expression of ER chap-
erones such as Grp78 and GRP94, PDI, XBP1, and CHOP
(Adachi et al. 2008). ATF6 stimulates expression of a number
of genes coding for protein products involved in protein fold-
ing, secretion and ERAD, thereby supporting the cells efforts
to cope with accumulated misfolded or unfolded proteins.

The ER has essential roles in physiologic regulation
of many processes including development, differentiation,
maintenance of homeostasis and apoptosis (Walter and Ron
2011). Accumulating evidence indicates that malfunction
of the ER with chronic activation of UPR contributes to the
pathogenesis of many human diseases, including metabolic
diseases such as obesity and diabetes mellitus, atherosclerosis,
liver disease, neurodegenerative diseases and cancer (Park
and Ozcan 2013).

ER Stress in Obesity and Diabetes

An imbalance in energy intake and expenditure leads to
obesity, a major health threat that increases the risk of type
2 diabetes (T2D), cardiovascular disease (CVD) and cancer
(Luoma 2013).

Obese subjects show activation of UPR in metabolic tis-
sues including adipose tissue, liver, and the pancreas (Boden
et al. 2008; Gregor et al. 2009). Obesity is also associated
with both hepatic and peripheral insulin resistance, together
with elevated levels of proinflammatory cytokines (Gregor
and Hotamisligil 2011). Studies with genetically obese or
diet-induced obese mice revealed elevated levels of PERK
and elF2a phosphorylation, IRE1-mediated JNK activation,
and higher amounts of GRP78 in the liver and adipose tissue
(Flamment et al. 2012).

ER stress in obesity is thought to be induced by an aug-
mented demand for protein synthesis under nutrient excess
and by elevated levels of saturated free fatty acids (FFA). Ex-
cess in saturated FFA, especially palmitate has been shown to
cause ER stress and to activate the UPR in pancreatic p-cells
and hepatocytes by altering the integrity of ER membrane
(Pfaffenbach et al. 2010). It is well-recognized that hyper-
glycemia, high plasma levels of saturated FFAs and obesity
in general are key risk factors for the development of T2D.
These same conditions are recognized as triggers of ER stress,
particularly in organs such as the liver and pancreas (Cnop et



al. 2012). In addition, leptin resistance, a condition that has
been documented in the majority of the obese population,
has been shown to contribute to obesity-linked disorders via
ER stress (Konner and Bruning 2012).

Obesity induces T2D, a metabolic disorder character-
ized by a combination of insulin resistance, dysregulated he-
patic glucose production, and inadequate insulin secretion by
pancreatic B-cells. At the molecular level, it involves pertur-
bations in insulin signaling, such as reduced insulin receptor
function and reduced post-insulin receptor phosphorylation
steps. ER stress parameters such as phosphorylation of PERK
and IRE], are increased in the liver and adipose tissues of
T2D animals (Boden 2009; Stankov 2010). The three branch-
es of the UPR: IRE1, PERK, and ATF6, have been implicated
in the cellular inflammatory processes. Increased activation
of IRE1, XBP1 and JNK results in decreased insulin recep-
tor signaling and insulin resistance (Park and Ozcan 2013).
Moreover, ER stress parameters including Grp78, XBP1s,
phospho-elF2a, and phospho-JNK, are increased in the liver
and adipose tissues of obese insulin-resistant nondiabetic
humans and these parameters are significantly reduced after
weight loss (Gregor et al. 2009).

Pancreatic B-cells play an essential role in the synthesis
of insulin. Augmented maturation of insulin which entails
processing of proinsulin to insulin in the ER, combined with
the increased presence of glucose and FFAs, triggers chronic
ER stress. If these conditions are maintained for extended pe-
riods of time, particularly in obese patients and people con-
suming the Western high-fat and high-sugar diet, chronic ER
stress condition may lead to the CHOP-mediated apoptosis
of B-cells and absolute insulin deficiency (Su et al. 2013). In
addition, pancreatic islets from patients with T2D have el-
evated levels of Grp78 and CHOP proteins.

Tauro-ursodeoxycholic acid (TUDCA), a hydrophilic
bile acid, is an agent with known capacity to reduce ER stress
(Ozcan et al. 2006; Stanimirov et al. 2012). Administration
of TUDCA resulted in normalization of hyperglycemia and
restoration of hepatic and muscle insulin sensitivity in obese
humans (Kars et al. 2010). TUDCA has also been shown to
act as leptin-sensitizing agent. Therefore TUDCA represents
an ER-stress modifying agent with therapeutic potential in
ER stress-induced complications of obesity.

ER stress in cardiovascular system disorders

ER stress has been implicated in many cardiovascular
diseases, from atherosclerosis to myocardial infarction, one
of the most severe consequences of atherosclerosis in car-
diovascular system.

Atherosclerosis is a multi-factorial disease characterized
by the accumulation of apo B-containing lipoproteins and
inflammatory factors (monocytes and other immune cells) in
subendothelial stratum of the arterial intima (Hansson and
Hermansson 2011). Numerous evidence recently emphasized
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the significance of ER stress in the pathogenesis of athero-
sclerotic disease (Hotamisligil 2010). ER stress promotes he-
patic lipogenesis, lipid accumulation, and dyslipidemia, as
well as dysregulation of glucose homeostasis through insulin
resistance, stimulation of gluconeogenesis and suppression
of glucose utilization. The combination of these systemic ER
stress-inducing stimuli promotes lipid accumulation, inflam-
mation and apoptosis, processes that accelerate atherosclero-
sis (McAlpine et al. 2010).

Accumulation of cholesterol in macrophages (so called
lipid-loaded “foam cells”) causes ER stress (Thorpe et al.
2011). Chronic ER stress in these cells that form the athero-
sclerotic plaque causes activation of CHOP-mediated apop-
totic pathways in foam cells, subsequent inflammation and
progression of the disease (Gotoh et al. 2011). Overexpres-
sion of oxidized lipids and phospholipids deposited in the
arterial wall recruits inflammatory cells such as neutrophils
and monocytes, triggering production of inflammatory cy-
tokines and generation of ROS. ER stress is a common char-
acteristic of many chronic inflammatory diseases including
atherosclerosis. Induction of UPR, ROS production, Ca**
release from the ER as well as activation of nuclear factor k
light-chain enhancer of activated B cells (NF-«B) and of JNK
can additionally trigger the inflammatory response observed
during atherosclerosis (Groenendyk et al. 2013). NF-«B is
involved in the regulation of genes that are responsible for
stress and growth and can regulate both proapoptotic and
antiapoptotic genes, depending on the stimulus. Under pro-
longed ER stress, NF-kB initiates apoptosis, thereby shifting
the outcome of the compensatory mechanism from an adap-
tive one to a maladaptive one (Madonna and De Caterina
2012). These events cause an enlargement of lesions con-
taining necrotic macrophages and lipids that can potentially
occlude the lumen of blood vessels.

Acute myocardial infarction (AMI) occurs as the re-
sult of complications associated with compromised supply
of oxygen and glucose to the cardiac muscle, disrupted ER
homeostasis and increased amounts of misfolded protein,
followed by triggering the UPR three branches, in order to
protect myocytes from ischemic damage (Glembotski 2008).
Because one of the primary consequences of ischemia is
hypoxia, several ER luminal folding enzymes, such as PDI,
are ineffective in disulfide bond formation, leading to the
accumulation of misfolded proteins and ER stress. During
myocardial infarction, two major ER-resident stress proteins,
GRP94 and GRP78, are upregulated upon glucose starvation
to cope with cellular damage. GRP78 protein expression is
increased near the infarction site, but in tissue distant from
the damage, no increase is observed (Thuerauf et al. 2006).
Ischemia directly activates the ER stress response in the heart
by inducing the ATF6 branch and triggering the upregu-
lation of chaperones such as GRP78 to target the damage
produced by nutrient and oxygen starvation (Doroudgar et
al. 2009). However, upon reperfusion, ATF6 activation and
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GRP78 promoter activity are attenuated.

Ischemia and hypoxia during an AMI induce oxida-
tive stress, when the lack of oxygen leads to ROS production
that overcomes the detoxification capacity of cardiomyocytes,
causing ATP depletion, DNA damage and the initiation of
apoptosis. The generation of ROS promotes hypoxia-induc-
ible factor 1a (HIF1a) accumulation and activation through
the inhibition of prolyl hydroxylase, a regulator of HIFla
that depends on molecular oxygen (Natarajan et al. 2009).
The use of prolyl hydroxylase inhibitors preserves oxygen
for cellular respiration, allows stabilization and activation of
PERK and HIFla, significantly reducing ischemic damage
and the size of infarction. In addition, PDI overexpression
has been shown to prevent cardiac remodeling and apopto-
sis during myocardial infarction (Toldo et al. 2011). PDI is
important in preventing the accumulation of misfolded pro-
teins in the ER, as well as in enhancing the activity of ROS
scavenger enzyme, superoxide dismutase-1 (SOD1), and
therefore may be used to restore the redox homeostasis after
myocardial infarction (Groenendyk et al. 2013). Modulation
of ER stress may, therefore, offer unique opportunity for the
regulation of dysregulated metabolic pathways in CVD.

ER stress in neurodegenerative diseases

Neurodegenerative diseases may be classified as “pro-
tein misfolding” diseases, considering that the accumula-
tion of misfolded proteins in the brain is a common feature.
The aggregation of abnormal proteins can perturb cellular
structure and function, leading to neuronal cell loss (Matus
etal. 2011).

Alzheimer’s disease (AD) is the most common neuro-
degenerative disease characterized by a progressive decline
in cognitive processes, eventually leading to dementia. The
hallmark of AD is accumulation of insoluble aggregated pro-
teins, extracellular amyloid-p peptide (AP) and intracellular
aggregates of phosphorylated Tau protein (Ittner and Gotz
2011). The accumulation of AP has been considered to be
the main factor in the pathogenesis of AD. The two most
common A peptides are: AB40, formed in Golgi apparatus,
and AP42 that is formed in the neuronal ER. The generation
of AP42 may be an initial event in AD development. Recent
reports have indicated that UPR is activated in AD neurons.
Increased expression of the ER chaperone Grp78, which is
a marker of UPR activation, is found in the temporal cortex
and the hippocampus of AD patients. Autopsy studies have
shown increased immunohistochemical staining of phos-
phorylated PERK, elF2a, and IRE1 in the in AD neurons
(Cornejo and Hetz 2013).

The second most common neurodegenerative disease is
Parkinson’s disease (PD), characterized by loss of dopaminer-
gic neurons and accumulation of protein aggregates (Lewy
bodies). A major component of Lewy bodies is a-synuclein
(aSyn) that is overexpressed and triggers chronic ER stress
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and cell death. In accordance with this, phosphorylated
PERK and elF2a have been found to be increased in the
neurons of PD patients (Matus et al. 2011). Studies from ju-
venile-onset autosomal form of PD have revealed mutations
in the Parkin gene, which encodes an enzyme involved in the
degradation of unfolded proteins. Overexpression of Parkin
gene in dopaminergic neurons suppresses UPR induced cell
death. The loss of activity of this protein results in the ac-
cumulation of a substrate of Parkin in the ER, leading to ER
stress and apoptosis (Mercado et al. 2013).

The pathologic feature of Amyotrophic lateral sclerosis
(ALS) is the selective degeneration of brain and spinal cord
motoneurons that leads to muscle atrophy and paralysis. Ac-
cumulating evidence suggests that ER stress contributes to
ALS pathogenesis. Mutations in the SOD1 gene, which have
been linked to the familial form of the disease, lead to mis-
folding of SOD1 that forms the aggregates and induce the
UPR activation (Saxena et al. 2009). Moreover, mutation in
ER-resident vesicle-associated membrane protein-associat-
ed protein B (VAPB), a protein involved in lipid transport,
causes familial ALS via interacting and inhibiting ATF6 and
XBP1 and increases ER-stress-induced motoneuron vulner-
ability and death (Suzuki et al. 2009).

ER stress and cancer

Under regular homeostatic conditions, the majority of
normal cells do not experience ER stress and therefore ex-
press only very limited amounts of GRP78 and insignificant
levels of CHOP. During tumorigenesis, the high prolifera-
tion index of cancer cells requires increased activities of ER
protein folding, assembly and transport, a condition that
can induce physiological ER stress (Stankov 2010). Follow-
ing initiation of malignancy, poor vascularization in tumors
results in hypoxia, hypoglycemia and acidosis. All of these
processes are strong inducers of UPR pathways. In addition,
some cancer cells express mutant proteins that cannot be
correctly folded and activate UPR. Unlike normal cells, most
cancer cells express chronically elevated baseline ER stress
levels, as indicated by permanently increased expression of
GRP78 (Schonthal 2012b). Overexpression of this protein
is a protective and a prosurvival mechanism, which enables
tumor cell growth and survival within sub-optimal micro-
environmental conditions. One of the prosurvival functions
of GRP78 is to alleviate the transcription of proapoptotic
CHOP-mediated pathways, which is achieved via binding
of GRP78 and subsequent inactivation of the ER trans-
membrane signaling components PERK, IRE1, and ATF6.
However, during conditions of prolonged stress, GRP78
remains bound to misfolded proteins in the lumen of the
ER in order to repair them, and therefore permanently dis-
sociated from the UPR proteins that continue to stimulate
expression of CHOP. As a consequence, CHOP expression
remains increased under these conditions, thus leading to
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apoptosis. However, despite chronic ER stress conditions, the
prosurvival module remains dominant and expression levels
of proapoptotic CHOP in cancer cells are negligible (Boyce
and Yuan 2006). In addition, ER stress leads to degradation
of tumor suppressor p53 in cancer cells (Pluquet et al. 2005).

Increased expression of Grp78 has been detected in
breast, colon, and hepatocarcinoma cell lines. Elevated
Grp78 level has been reported to correlate well with higher
pathologic grade, recurrence rate, and poor prognosis in pa-
tients with breast, liver, prostate, colon, and gastric cancers;
and suppression of GRP78 inhibited the proliferation of can-
cer cells (Luo and Lee 2013). In addition, overexpression of
GRP78 has been shown to provide resistance towards various
chemotherapy agents including doxorubicin and paclitaxel
(Lee et al. 2006; Wang et al. 2009). The presence of chronic
ER stress may constitute an Achilles’ heel of tumor cells, pro-
viding a therapeutic target for pharmacological interven-
tion. Due to the fact that defensive pathways of ER stress
are already activated in malignant cells, cancer cells lack the
extended capacity to survive additional ER stress. Therefore,
tumor specific aggravation of ER stress in cancer cells may
be a strategy for the development of novel antitumor agents
and/or chemotherapy-sensitizing agents.

CONCLUSIONS

During the past decade, a significant increase in our
understanding of the role of ER stress in the regulation of cell
homeostasis has been achieved. ER stress, considered as both
a cause and consequence of metabolic disturbances, results
in UPR activation. This sophisticated signaling pathway at-
tempts to maintain cell homeostasis or induce cell death, in
order to ensure survival of the organism as a whole. However,
both dysregulation of ER signaling networks and protein
folding capacity have been recognized as causes of numerous
human diseases. Therefore, more detailed knowledge of ER
stress mechanisms will open up promising avenues for the
development of UPR-manipulating therapeutic strategies.
Therapeutic agents aimed at ameliorating ER stress by pro-
moting proper protein processing and generally supporting
proper ER maintenance may have useful effects in the ther-
apy of obesity, T2D, CVDs and neurodegenerative diseases.
On the other hand, chronic ER stress in cancer cells may be
exploited therapeutically via the opposite approach: the se-
lective pharmacological aggravation of pre-existing ER stress
and tumor-specific induction of apoptosis in cancer cells.

ACKNOWLEDGMENTS

This work is supported by the Ministry of Education,
Science and Technological Development, Republic of Serbia,
Grant Ne [1141012.

REFERENCES

AdachiY, Yamamoto K, Okada T, Yoshida H, Harada A, Mori K. 2008. ATF6
is a transcription factor specializing in the regulation of quality
control proteins in the endoplasmic reticulum. Cell Structure and
Function. 33(1):75-89.

Back SH, Kaufman RJ. 2012. Endoplasmic reticulum stress and type 2
diabetes. Annual Review of Biochemistry. 81:767-793.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. 2000. Dynamic
interaction of BiP and ER stress transducers in the unfolded-protein
response. Nature Cell Biology. 2(6):326-332.

Boden G. 2009. Endoplasmic reticulum stress: another link between obe-
sity and insulin resistance/inflammation? Diabetes. 58(3):518-519.

Boden G, Duan X, Homko C, Molina EJ, Song W, Perez O, Cheung P, Merali
S.2008. Increase in endoplasmic reticulum stress-related proteins
and genes in adipose tissue of obese, insulin-resistant individuals.
Diabetes. 57:2438-2444.

Boyce M, Yuan J. 2006. Cellular response to endoplasmic reticulum stress:
a matter of life or death. Cell Death and Differentiation. 13:363-373.

Braakman I, Bulleid NJ. 2011. Protein folding and modification in the
mammalian endoplasmic reticulum. Annual Review of Biochem-
istry. 80:71-99.

Chakrabarti A, Chen AW, Varner JD. 2011. A review of the mammalian
unfolded protein response. Biotechnology and Bioengineering.
108:2777-2793.

Clarke R, Cook KL, Hu R, Facey CO, Tavassoly |, Schwartz JL, Baumann WT,
Tyson JJ, Xuan J, Wang Y et al. 2012. Endoplasmic reticulum stress,
the unfolded protein response, autophagy, and the integrated reg-
ulation of breast cancer cell fate. Cancer Research. 72(6):1321-1331.

Cnop M, Foufelle F, Velloso LA. 2012. Endoplasmic reticulum stress, obe-
sity and diabetes. Trends in Molecular Medicine. 18:59-68.

Cornejo VH, Hetz C. 2013. The unfolded protein response in Alzheimer’s
disease. Seminars in Immunopathology. 35(3):277-292.

Csala M, Kereszturi E, Mandl J, Banhegyi G. 2012. The endoplasmic re-
ticulum as the extracellular space inside the cell: role in protein
folding and glycosylation. Antioxidants and Redox Signaling.
16:1100-1108.

Cullinan SB, Diehl JA. 2006. Coordination of ER and oxidative stress sig-
naling: the PERK/Nrf2 signaling pathway. International Journal of
Biochemistry and Cell Biology. 38(3):317-332.

Dara L, Ji C, Kaplowitz N. 2011. The contribution of endoplasmic reticu-
lum stress to liver diseases. Hepatology. 53(5):1752-1763.

Dhanasekaran DN, Reddy EP. 2008. JNK signaling in apoptosis. Oncogene.
27(48):6245-6251.

Doroudgar S, Thuerauf DJ, Marcinko MC, Belmont PJ, Glembotski
CC. 2009. Ischemia activates the ATF6 branch of the endoplas-
mic reticulum stress response. Journal of Biological Chemistry.
284:29735-29745.

Fels DR, Koumenis C. 2006. The PERK/elF2alpha/ATF4 module of the
UPR in hypoxia resistance and tumor growth. Cancer Biology and
Therapy. 5:723-728.

Flamment M, Hajduch E, Ferré P, Foufelle F. 2012. New insights into ER
stress-induced insulin resistance. Trends in Endocrinology and Me-
tabolism. 23(8):381-390.

Fu S, Watkins SM, Hotamisligil GS. 2012. The role of endoplasmic reticu-
lum in hepatic lipid homeostasis and stress signaling. Cell Metabo-
lism. 15:623-634.

Glembotski CC. 2008. The role of the unfolded protein response in the
heart. Journal of molecular and cellular cardiology. 44:453-59.

Gotoh T, Endo M, Oike Y. 2011. Endoplasmic reticulum stress related
inflammation and cardiovascular disease. International Journal
of Inflammation [Internet]. [cited 2013 October 11]; Available
from: http://www.hindawi.com/journals/iji/2011/259462/. doi:
doi:10.4061/2011/259462

Gregor MF, Hotamisligil GS. 2011. Inflammatory mechanisms of obesity.
Annual Review of Immunology. 29:415-445.

Gregor MF, Yang L, Fabbrini E, Mohammed BS, Eagon JC, Hotamisligil GS,

Biologia Serbica35 21



Stankov et al.

Klein S. 2009. Endoplasmic reticulum stress is reduced in tissues of
obese subjects aft er weight loss. Diabetes. 58:693-700.

Groenendyk J, Agellon LB, Michalak M. 2013. Coping with endoplasmic
reticulum stress in the cardiovascular system. Annual Review of
Physiology. 75:49-67.

Hagiwara M, Nagata K. 2012. Redox-dependent protein quality control in
the endoplasmic reticulum: folding to degradation. Antioxidants
and Redox Signaling. 16:1119-1128.

Hansson GK, Hermansson A. 2011. The immune system in atherosclerosis.
Nature Immunology. 12:204-212.

Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. 2000. Perk is essential
for translational regulation and cell survival during the unfolded
protein response. Molecular Cell. 5(5):897-904.

Hetz C. 2012. The unfolded protein response: controlling cell fate deci-
sions under ER stress and beyond. Nature Reviews. Molecular Cell
Biology. 13:89-102.

Hotamisligil GS. 2010. Endoplasmic reticulum stress and atherosclerosis.
Nature Medicine. 16: 396-369.

Ittner LM, Gotz J. 2011. Amyloid-beta and tau—a toxic pas de deux in
Alzheimer’s disease. Nature Reviews Neuroscience. 12:65-72.
Iwawaki T, Akai R, Kohno K. 2010. IRE1alpha disruption causes histologi-
cal abnormality of exocrine tissues, increase of blood glucose level,
and decrease of serum immunoglobulin level. PLoS One. 5:e13052.

Jager R, Bertrand MJ, Gorman AM, Vandenabeele P, Samali A. 2012. The
unfolded protein response at the crossroads of cellular life and
death during endoplasmic reticulum stress. Biology of the Cell.
104(5):259-270.

Kars M, Yang L, Gregor MF, Mohammed BS, Pietka TA, Finck BN, Patterson
BW, Horton JD, Mittendorfer B, Hotamisligil GS, et al. 2010. Tau-
roursodeoxycholic acid may improve liver and muscle but not adi-
pose tissue insulin sensitivity in obese men and women. Diabetes.
59(8):1899-1905.

Kimata Y, Kohno K. 2011. Endoplasmic reticulum stress-sensing mecha-
nisms in yeast and mammalian cells. Current Opinion in Cell Biol-
ogy. 23:135-142.

Kojima E, Takeuchi A, Haneda M, Yagi A, Hasegawa T, Yamaki K, Takeda K,
Akira S, Shimokata K, Isobe K. 2003. The function of GADD34 is a re-
covery from a shutoff of protein synthesis induced by ER stress: elu-
cidation by GADD34-deficient mice. FASEB Journal. 17:1573-1575.

Konner AC, Bruning JC. 2012. Selective insulin and leptin resistance in
metabolic disorders. Cell Metabolism. 16:144-152.

Kraskiewicz H, Fitzgerald U. 2012. Interfering with endoplasmic reticulum
stress. Trends in Pharmacological Sciences. 33:53-63.

Krebs J, Groenendyk J, Michalak M. 2011. Ca2+-signaling, alternative
splicing and endoplasmic reticulum stress responses. Neurochemi-
cal Research. 36(7):1198-1211.

Lee E, Nichols P, Spicer D, Groshen S, Yu MC, Lee AS. 2006. GRP78 as a
novel predictor of responsiveness to chemotherapy in breast can-
cer. Cancer Research. 66(16):7849-7853.

Logue SE, Cleary P, Saveljeva S, Samali A. 2013. New directions in ER
stress-induced cell death. Apoptosis. 18:537-546.

Luo B, Lee AS. 2013. The critical roles of endoplasmic reticulum chaper-
ones and unfolded protein response in tumorigenesis and antican-
cer therapies. Oncogene. 32(7):805-818.

Luoma PV. 2013. Elimination of endoplasmic reticulum stress and cardio-
vascular, type 2 diabetic, and other metabolic diseases. Annals of
Medicine. 45(2):194-202.

Madonna R, De Caterina R. 2012. Relevance of new drug discovery to
reduce NF-kB activation in cardiovascular disease. Vascular Phar-
macology. 57:41-47.

Matus S, Glimcher LH, Hetz C. 2011. Protein folding stress in neurode-
generative diseases: a glimpse into ER . Current Opinion in Cell
Biology. 23:239-252.

McAlpine CS, Bowes AJ, Werstuck GH. 2010. Diabetes, hyperglycemia
and accelerated atherosclerosis: evidence supporting a role for
endoplasmic reticulum (ER) stress signaling. Cardiovascular and
Hematological Disorders Drug Targets. 10:151-157.

22 Biologia Serbica 35

Mercado G, Valdés P, Hetz C. 2013. An ERcentric view of Parkinson’s dis-
ease. Trends in Molecular Medicine. 19(3):165-175.

Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner BA, Yuan J. 2000.
Caspase-12 mediates endoplasmic-reticulum-specific apoptosis
and cytotoxicity by amyloid-beta. Nature. 403:98-103.

Nakatsukasa K, Brodsky JL. 2008. The recognition and retrotransloca-
tion of misfolded proteins from the endoplasmic reticulum. Traffic.
9:861-870.

Natarajan R, Salloum FN, Fisher BJ, Smithson L, Almenara J, Fowler AA
3rd. 2009. Prolyl hydroxylase inhibition attenuates post-ischemic
cardiac injury via induction of endoplasmic reticulum stress genes.
Vascular Pharmacology 51:110-118.

Ni M, Zhang Y, Lee AS. 2011. Beyond the endoplasmic reticulum: atypical
GRP78 in cell viability, signalling and therapeutic targeting. The
Biochemical Journal. 434: 181-188.

Nishitoh H. 2012. CHOP is a multifunctional transcription factor in the ER
stress response. Journal of Biochemistry. 151:217-219.

Ozcan U, Yilmaz E, Ozcan L. 2006. Chemical chaperones reduce ER stress
and restore glucose homeostasis in a mouse model of type 2 dia-
betes. Science. 313(5790):1137-1140.

Park SW, Ozcan U. 2013. Potential for therapeutic manipulation of the
UPR in disease. Seminars in Immunopathology. 35(3):351-373.

Parmar VM, Schroder M. 2012. Sensing endoplasmic reticulum stress.
Advances in Experimental Medicine and Biology. 738:153-168.

Pfaffenbach KT, Gentile CL, Nivala AM, Wang D, Wei Y, Pagliassotti MJ.
2010. Linking endoplasmic reticulum stress to cell death in hepato-
cytes: roles of C/EBP homologous protein and chemical chaperones
in palmitate-mediated cell death. American Journal of Physiology.
Endocrinology and Metabolism. 298(5):1027-1035.

Pluquet O, Qu LK, Baltzis D, Koromilas AE. 2005. Endoplasmic reticulum
stress accelerates p53 degradation by the cooperative actions of
Hdm?2 and glycogen synthase kinase 3beta. Molecular and Cellular
Biology. 25(21):9392-9405.

Ron D, Hubbard SR. 2008. How IRE1 reacts to ER stress. Cell. 132(1):24-26.

Ron D, Walter P. 2007. Signal integration in the endoplasmic reticulum
unfolded protein response. Nature reviews. Molecular Cell Biology.
8:519-529.

Rutkowski DT, Arnold SM, Miller CN, Wu J, Li J, Gunnison KM, Mori K, Akha
AAS, Raden D, Kaufman RJ. 2006. Adaptation to ER Stress Is Medi-
ated by Differential Stabilities of Pro-Survival and Pro-Apoptotic
mRNAs and Proteins. PLoS Biol. 4:e374.

Saxena S, Cabuy E, Caroni P. 2009. A role for motoneuron subtype-selec-
tive ER stress in disease manifestations of FALS mice. Nat Neurosci-
ence. 12:627-636.

Schonthal AH. 2012a. Endoplasmic reticulum stress: Its role in disease
and novel prospects for therapy. Scientifica [Internet]. [cited 2013
October 4]; Available from: http://www.hindawi.com/journals/sci-
entifica/2012/857516/. doi: doi:10.6064/2012/857516

Schoénthal AH. 2012b. Targeting endoplasmic reticulum stress for cancer
therapy. Frontiers in Bioscience (Scholar edition). 4:412-431.

Schonthal AH. 2013. Pharmacological targeting of endoplasmic reticulum
stress signaling in cancer. Biochemical Pharmacology. 85(5):653-
666.

Sriburi R, Bommiasamy H, Buldak GL, Robbins GR, Frank M, Jackowski S
, Brewer JW. 2007. Coordinate regulation of phospholipid biosyn-
thesis and secretory pathway gene expression in XBP-(S)-induced
endoplasmic reticulum biogenesis. Journal of Biological Chemistry.
282:7024-7034.

Stanimirov B, Stankov K, Mikov M. 2012. Pleiotropic functions of bile acids
mediated by the farnesoid X receptor. Acta Gastro-Enterologica
Belgica. 75(4):389-398.

Stankov K. 2010. Genetic predisposition for type 1 diabetes mellitus - The
role of endoplasmic reticulum stress in human disease etiopatho-
genesis. Journal of Medical Biochemistry. 29(3):139-149.

SuJ, Zhou L, Kong X, Yang X, Xiang X, Zhang Y, Li X, Sun L. 2013. Endoplas-
mic reticulum is at the crossroads of autophagy, inflammation, and
apoptosis signaling pathways and participates in the pathogenesis



Cellular responses to endoplasmic reticulum stress

of diabetes mellitus. Journal of Diabetes Research [Internet]. Ar-
ticle ID 193461. [cited 2013 October 5]; Available from: http://www.
hindawi.com/journals/jdr/2013/193461/ doi: 10.1155/2013/193461

Suzuki H, Kanekura K, Levine TP, Kohno K, Olkkonen VM, Aiso S, Matsuoka
M. 2009. ALS-linked P56S-VAPB, an aggregated loss-of-function
mutant of VAPB, predisposes motor neurons to ER stress-related
death byinducing aggregation of co-expressed wild-type VAPB.
Journal of Neurochemistry. 108:973-985.

Tabas I, Ron D. 2011. Integrating the mechanisms of apoptosis induced
by endoplasmic reticulum stress. Nature Cell Biology. 13:184-190.

Thorpe E, Iwawaki T, Miura M, Tabas I. 2011. A reporter for tracking the
UPR in vivo reveals patterns of temporal and cellular stress during
atherosclerotic progression. Journal of Lipid Research. 52:1033-
1038.

Thuerauf DJ, Marcinko M, Gude N, Rubio M, Sussman MA, Glembotski
CC. 2006. Activation of the unfolded protein response in infarcted
mouse heart and hypoxic cultured cardiac myocytes. Circulation
Research. 99:275-282

Toldo S, Severino A, Abbate A, Baldi A. 2011. The role of PDI as a sur-
vival factor in cardiomyocyte ischemia. Methods in Enzymology.
489:47-65.

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D. 2000.
Coupling of stress in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science. 287(5453):664-666.

von dem Bussche A, Machida R, Li K, Loevinsohn G, Khander A, Wang J,
Wakita T, Wands JR, Li J. 2010. Hepatitis C virus NS2 protein triggers
endoplasmic reticulum stress and suppresses its own viral replica-
tion. Journal of Hepatology. 53: 797-804.

Walter P, Ron D. 2011. The unfolded protein response: from stress path-
way to homeostatic regulation. Science. 334(6059):1081-1086.

Wang J, Yin Y, Hua H, Li M, Luo T, Xu L, Wang R, Liu D, Zhang Y, Jiang Y.
2009. Blockade of GRP78 sensitizes breast cancer cells to microtu-
bules-interfering agents that induce the unfolded protein response.
Journal of Cellular and Molecular Medicine. 13(9):3888-3897.

Yamaguchi H, Wang HG. 2004. CHOP is involved in endoplasmic reticulum
stress-induced apoptosis by enhancing DR5 expression in human
carcinoma cells. Journal of Biological Chemistry. 279(44):45495-
45502.

Zhang F, Hamanaka RB, Bobrovnikova-Marjon E, Gordan JD, Dai MS, Lu H,
Simon MC, Diehl JA. 2006. Ribosomal stress couples the unfolded
protein response to p53-dependent cell cycle arrest. Journal of
Biological Chemistry. 28:30036-30045.

Zhang LH, Zhang X. 2010. Roles of GRP78 in physiology and cancer. Jour-
nal of Cellular Biochemistry. 110(6):1299-1305.

Biologia Serbica35 23



