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Abstract: Pathogenesis of atherosclerosis is a complex process involving several metabolic and
signalling pathways. Accumulating evidence demonstrates that endoplasmic reticulum stress and
associated apoptosis can be induced in the pathological conditions of atherosclerotic lesions and
contribute to the disease progression. Notably, they may play a role in the development of vulnerable
plaques that induce thrombosis and are therefore especially dangerous. Endoplasmic reticulum
stress response is regulated by several signaling mechanisms that involve protein kinases and
transcription factors. Some of these molecules can be regarded as potential therapeutic targets to
improve treatment of atherosclerosis. In this review we will discuss the role of endoplasmic reticulum
stress and apoptosis in atherosclerosis development in different cell types and summarize the current
knowledge on potential therapeutic agents targeting molecules regulating these pathways and their
possible use for anti-atherosclerotic therapy.
Keywords: atherosclerosis; endoplasmic reticulum stress; ER stress; atherosclerotic plaque;
complicated plaque; ER stress modulators

1. Introduction
Atherosclerosis is one of the most challenging problems of current medicine, being the primary
cause of the development of cardiovascular diseases that account for the majority of fatal illnesses
in developed countries [1]. The development of atherosclerosis is a complex process, for which
several risk factors have been established, including genetic predisposition, metabolic disorders,
such as elevated plasma cholesterol and diabetes, and environmental factors, such as diet, exposure
to tobacco smoke and insufficient physical activity [2]. Atherosclerotic lesion development is caused
by lipid accumulation in the arterial wall accompanied by a significant increase of the wall thickness
and local inflammatory process. Lesion development is apparently triggered by local endothelial
dysfunction and increased permeability of the endothelium for the circulating lipoprotein particles.
The main source of cholesterol deposit in the arterial wall is the atherogenic fraction of low-density
lipoprotein (LDL). Small dense LDL particles that have been modified by oxidation, desialylation and
glycation, and especially LDL complexes, are the main contributors to the pathological process, and
their presence in circulation is therefore a major risk factor of atherosclerosis [3]. The development
of atherosclerotic lesion is associated with local inflammation and the recruitment of circulating
immune cells. Both resident arterial wall cells (such as pericytes and vascular smooth muscle cells)
and infiltrated cells (such as macrophages) actively participate in the pathological process. Careful
studies of young adults have demonstrated that atherosclerotic process can begin early in life and
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remain asymptomatic for a long period [4,5]. At later stages, atherosclerotic lesion can convert
into so-called vulnerable plaque, which can initiate thrombosis leading to life-threatening events
that can be the first clinical manifestations of the disease in many patients. The improvement of
anti-atherosclerotic therapy should therefore be focused on early diagnostic and preventive treatment.
Such improvement necessitates a better understanding of the molecular and cellular mechanisms of
the disease pathogenesis [6].
There is accumulating evidence of the important role of the endoplasmic reticulum (ER) stress
at all stages of the atherosclerosis initiation and progression [7]. The ER is a complex membrane
compartment of the eukaryotic cell, which is responsible for proper maturation and folding of
intracellular and secreted proteins. The ER has an important signalling function being the major
cellular reservoir of calcium, which is actively pumped in from the cytoplasm and released back in
response to certain stimuli. Normal concentration of calcium in the ER is essential for maintaining its
functions. The protein folding capacity of the ER can be saturated in various conditions, including
ischemia, oxidative stress, disturbances of calcium homeostasis, accumulation of folding-defective
proteins or enhanced expression of normal proteins [8]. These conditions can therefore result in the
development of ER stress.
2. Molecular Mechanisms of the Unfolded Protein Response
To alleviate the disturbance of ER homeostasis in stress situations, cells initiate the unfolded
protein response (UPR). The three known mechanisms that trigger the UPR in mammalian cells are
activation of stress sensors situated on the ER membrane: protein kinase RNA-like ER kinase (PERK),
inositol-requiring protein 1 (IRE1), and activating transcription factor 6 (ATF6) [9]. Under normal
conditions, the ER stress sensors are maintained in inactive state through association with a chaperone
protein, glucose-regulated protein 78 (GRP78 or BiP) [10]. The negative regulator dissociates when the
aggregation of misfolded proteins or other stress events take place and therefore triggers the initiation
of the UPR.
Several mechanisms of ER stress alleviation by UPR exist. First, protein load of the ER can be
reduced by general inhibition of protein translation [11]. Second, UPR induction is associated with
activation of a transcriptional network involving ATF6, ATF4 and X-box binding protein 1 (XBP1),
which regulates the expression of genes that help to restore ER homeostasis. In particular, enhanced
chaperone production promotes protein folding in the ER. Activated XBP1 controls the transcription of
components of the ER-associated degradation (ERAD) process, which reduces the load of misfolded
proteins via ubiquitin-dependent degradation by the proteasome [12]. Third, the ER compartment can
be enlarged by stimulation of ER biogenesis [9]. The UPR is therefore an adaptive pathway, which is
aimed at stress reduction. However, chronic unresolved ER stress or acute stress conditions lead to
activation of apoptotic pathways and cell death [13]. Therefore, ER stress can be both protective and
pro-apoptotic depending on the circumstances, such as the intensity of the stress stimuli or cellular
physiological state. ER sensor proteins, such as IRE1 and PERK, are involved both in the adaptive and
the pro-apoptotic UPR pathways.
IRE1 is the fundamental ER stress sensor, which is conserved from yeast to humans. Upon
dissociation with GRP78, IRE1 is activated by dimerization and autophosphorylation. It regulates
the specific splicing of mRNA encoding XBP1 resulting in translation of functionally active XBP1.
Active XBP1 translocates to the nucleus where it stimulates transcription of the ER chaperones and
other UPR-related proteins. At the same time, IRE1 can induce degradation of certain mRNAs
through regulated IRE1-dependent decay (RIDD) contributing to the attenuation of the ER overload.
In chronic ER stress, IRE1α can be involved in activation of pro-inflammatory and apoptotic pathways.
It can associate with the adaptor protein tumor necrosis factor (TNF) and tumor necrosis factor
receptor-associated factor 2 (TRAF2) [14]. The resulting complex then recruits mitogen-activated
protein kinase (MAPK), apoptosis signal-regulating kinase (ASK) and caspase-12 [15,16]. The complex
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activates nuclear factor κB (NF-κB) signalling, which controls the expression of a number of
pro-inflammatory genes, therefore providing a link between ER stress and inflammation [17].
Similar to IRE1α, PERK is activated through self-phosphorylation after dissociation from GRP78.
Activated PERK blocks cellular protein synthesis by phosphorylation of the eukaryotic initiation factor
2α (eIF2α), which is necessary for the induction of cap-dependent transcription. This results in the
reduction of the ER protein load [9]. At the same time, phosphorylated eIF2α regulates translation
of certain mRNAs, including the mRNA of the transcriptional factor ATF4. This provides a negative
feedback loop for the regulation of protein synthesis, since ATF4 activates expression of GADD34, a
component of phosphatase responsible for dephosphorylation of eIF2α [18].
The ATF4 and, to a lesser extent, ATF6 and XBP1 factors regulate expression of CCAAT/
enhancer-binding protein homologous protein (CHOP) [19]. CHOP is a leucine zipper transcription
factor, which can induce apoptosis through several mechanisms. One such mechanism is up-regulation
of ER oxidase 1 (ERO1)α and calcium-dependent apoptotic pathway. ERO1α up-regulation can
lead to production of hydrogen peroxide, a by-product of disulfide bond formation, reactive oxygen
species (ROS) overproduction and stimulation of oxidative stress [20]. Activation of ERO1α stimulates
inositol-1,4,5-triphosphpate receptor-1 (IP3R1) [21], which leads to a depletion of the ER calcium
store and increase of the cytoplasmic calcium concentration. The latter promotes stimulation
of calcium/calmodulin-dependent protein kinase II, which is involved in several pro-apoptotic
pathways [22]. Another important pro-apoptotic pathway of CHOP is regulation of the balance
of pro- and anti-apoptotic B-cell lymphoma (Bcl)-2 family proteins. Under the ER stress conditions,
CHOP suppresses the expression of anti-apoptotic Bcl-2 and Bnip3 and induces production and
translocation to the ER membrane of pro-apoptotic Bim [23,24].
ATF6 is activated during the ER stress by cleavage and translocation of the cytosolic N-domain
into the nucleus, where it stimulates expression of several UPR-related genes, including GRP78 and
XBP1 [11]. ATF6 also induces expression of Derlin-3, which enhances the ERAD activity [25].
3. Role of ER Stress and Unfolded Protein Response (UPR) in Atherosclerosis
Atherosclerotic plaque provides conditions that can trigger ER stress and UPR, including
inflammation, presence of oxidized lipids and metabolic changes [26]. In particular, oxidized LDL
(oxLDL) was demonstrated to induce ER-stress and apoptosis in cultured cells of human arterial wall.
Exposure of endothelial cells and macrophages to oxLDL led to inactivating modification of protein
disulfide isomerase (PDI), an important ER chaperone responsible for disulfide bond formation.
Overexpression of PDI had protective effects, and inhibition further enhanced oxLDL-induced
apoptosis [27]. Incubation of endothelial cells with oxLDL also resulted in increased expression of the
ER chaperone oxygen-regulated protein (ORP)150, which alleviated the oxLDL-induced apoptosis [28].
It is likely that inactivation of the protective system of ER chaperones, which is induced in arterial
wall cells in response to toxic effects of modified LDL, may contribute to the increased cell death and
complicated plaque formation in atherosclerosis. Indeed, increased levels of ORP150 and modified
PDI were detected in advanced atherosclerotic lesions, suggesting that inactivation of anti-apoptotic
chaperones can occur in vivo contributing to the disease progression.
Evidence of ER stress and UPR activation in atherosclerotic lesions comes from studies of
marker proteins expression in human tissues [29]. Analysis of autopsy material demonstrated a
strong association of the ER stress markers GRP78, GRP94 and CHOP in smooth muscular cells and
macrophages from thin-cap atheroma and ruptured plaques in comparison with tissues at other stages
of lesion development (initial intimal thickening, fibrous plaques and thick-cap atheroma) [29]. It is
therefore likely that UPR activation is associated with advanced stages of atherosclerosis with serious
clinical complications.
The role of the ER stress and UPR in atherosclerosis pathogenesis has been studied on animal
models. In atherosclerotic mice, evidence of UPR activation could be observed at different stages
of lesion development: in macrophages from areas of intimal thickening, fatty streaks and complex
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lesions [30]. Macrophages with and without lipid accumulation, as well as smooth muscle cells
from atherosclerotic lesions had increased expression of the ER stress markers PDI, GRP78 and
calreticulin. XBP1 protein in both active and inactive forms was increased in the advanced lesions
and phosphorylated PERK was present, especially in the cap area. Another marker induced by ER
stress, T cell death-associated gene 51 (TDAG51) [31], was found in atherosclerotic lesions at all stages.
High levels of CHOP mRNA were detected in macrophage-rich advanced atherosclerotic plaques in
mice. Moreover, the experiments conducted in mice demonstrated a direct causal link between ER
stress-induced apoptosis and plaque necrosis, as the latter was reduced when ApoE or LDL receptor
knock out atherosclerotic mice were bred with CHOP-deficient mutant animals [32]. Together, these
observations indicate that ER stress and UPR are induced in atherosclerosis and play a significant role
in the disease pathogenesis.
4. Endoplasmic Reticulum (ER) Stress in Different Cell Types of the Arterial Wall
Atherosclerotic lesion begins with the local disturbance of endothelial function [33]. Endothelial
cells are subject to the continuous tension of the blood flow, and certain areas of the vessels where
laminar flow is disturbed, for instance, by vessel bending or branching, are especially vulnerable.
Analysis of transcript profiles from arterial regions susceptible or resistant to atherosclerosis isolated
from non-atherosclerotic pigs revealed the presence of ER stress markers in atherosclerosis-susceptible
areas [34]. In these regions, IRE1, ATF6 and XBP1, but not PERK and eIF2α were activated, indicative
of the increased chaperone production. ATF4 and CHOP were increased at mRNA, but not protein
level. These results suggest that UPR activation at early stages of atherosclerosis plays a protective
role in response to stress induced by disturbed blood flow. ER stress, according to a GRP78 marker,
was markedly increased in endothelial cells subjected to shear stress [35]. ER stress with activated
IRE1 and CHOP pathways can also be induced in endothelial cells by oxidized phospholipids
and homocysteine, the well-known atherosclerosis inducers [36–38]. Study on a rabbit model of
atherosclerosis demonstrated that CHOP expression was associated with endothelial cells apoptosis at
more advanced stages of the plaque development [39]. Exposure to modified (oxidized and glycated)
LDL led to the development of oxidative stress and disturbed calcium signalling in the ER [27,28,40],
contributing to the ER stress-mediated endothelial dysfunction and atherogenesis. In summary, ER
stress induced in endothelial cells as a result of physical factors or exposure to pro-atherosclerotic
molecules, such as modified LDL, can fail to exert its protective functions and instead lead to apoptosis
and endothelial dysfunction, which plays a crucial role at the early stages of lesion development. At the
same time, ER stress-induced apoptosis may be directly implicated in the thrombosis development at
late stages of atherosclerosis [41].
In macrophages, engulfed LDL particles can be transported from the endosomal system to the ER,
where cholesterol is esterified and stored in a form of inert lipid droplets [42]. In atherosclerosis, lipid
metabolism in macrophages is altered, and ER-mediated cholesterol esterification fails to prevent the
intracellular accumulation of non-esterified cholesterol [43]. The resulting foam cells, with cytoplasm
filled with lipid droplets, contribute to the atherosclerotic plaque growth. In such cells, oxidoreductases
present in the ER oxidize cholesterol to 7-ketocholesterol and other oxysterols that are highly toxic and
can induce ROS-mediated damage and cell death [44]. Macrophage apoptosis induced by prolonged
ER stress is a well-studied feature of advanced stages of atherosclerosis. Apoptosis associated
with an enhanced expression of CHOP was demonstrated in atherosclerotic lesions in humans [31]
and ApoE-deficient mice [32]. On the other hand, inactivation of CHOP had a protective effect in
ApoE-deficient atherosclerosis mouse model reducing plaque necrosis [32,45]. Increased cell death
and deficient clearance of the dying cells in advanced plaques are responsible for the formation of
the inflammatory necrotic core [46]. It is likely that macrophage apoptosis in vivo is triggered not
only by ER stress, but also by some “second hit” stimuli, such as activation of pattern recognition
receptors (PRRs). PRRs include various Toll-like receptors (TLRs) and scavenger receptors and can be
activated by oxidized lipids, modified LDL and saturated fatty acids that are present in atherosclerotic
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lesions [47]. Activation of PRRs in macrophages can lead to apoptosis induction via the CD36-TLR2
pathway accompanied with NADPH oxidase-mediated oxidative stress. Up-regulation of NADPH
oxidase can also stimulate the PERK-CHOP pro-apoptotic signalling. The “two hit” hypothesis
therefore suggests that ER stress in macrophages present in atherosclerotic lesions can be induced by
low doses of stress agents, such as PRR ligands, which, in turn, induces macrophage apoptosis [47,48].
ER stress-induced macrophage apoptosis is likely to be a key event in transformation of benign lesions
to life-threatening vulnerable plaques that can induce thrombus formation [49].
The transition from stable to vulnerable plaque may also be dependent on apoptosis induction
in vascular smooth muscle cells (VSMCs), which alters the formation of the protective fibrous
cap [50]. ER stress-induced apoptosis in VSMCs is therefore an important event in the disease
pathogenesis, although it remains much less studied than apoptosis in macrophages or endothelial
cells. CHOP-induced apoptosis can be triggered in VSMCs by a number of ER stress factors, including
7-KC, free cholesterol, homocysteine and others [51,52]. The process is associated with increased
oxidative stress, suggesting that treatment with antioxidants may have a protective role [53]. Lipid
accumulation in VSMCs is associated with up-regulation of sterol element binding protein-2 (SREBP-2),
which also activates ER stress upon treatment with homocysteine [54,55]. In diabetes, which is
frequently associated with atherosclerosis, glucosamine accumulation in vascular cells may induce ER
stress accompanied by GRP78 up-regulation [56]. Further studies are needed to delineate the role of
ER stress signalling in VSMCs in atherosclerosis development.
5. Therapeutic Potential of ER Stress Modulators for Treatment of Atherosclerosis
Agents targeting the components of ER stress pathways can have a high therapeutic value for
treatment of conditions, in which ER stress and UPR play prominent roles, including atherosclerosis.
One of the possible mechanisms of ER stress alleviation is the use of chemical chaperones, such as
phenylbutyrate and tauroursodeoxycholic acid (TUDCA). These agents facilitate protein folding
and trafficking in a non-selective manner, therefore decreasing the protein load of ER in stress
conditions [57]. Phenylbutyric acid (PBA) is currently approved for treatment of urea cycle disorders
and is clinically tested for treatment of other diseases associated with protein misfolding [58,59].
In diabetic mice, PBA reduced ER stress and normalized glucose level [60]. A recent study conducted
on ApoE knock out atherosclerotic mice demonstrated that treatment with PBA resulted in alleviation
of the ER stress and suppressed the up-regulation of CD36, GRP78 and IRE1 phosphorylation in
macrophage-rich lesions. CD36 inhibition decreased the ATF6, IRE1, XBP1 and GRP78 signalling
induced by modified LDL [61]. It would be interesting to test for possible beneficial effects of PBA in
human cardiovascular pathology. TUDCA was also demonstrated to reduce ER stress and attenuate
atherosclerotic lesion progression in mice, deficient for LDL receptor [62]. The chemical chaperone also
demonstrated protective effects in vitro by preventing oxLDL-induced ER stress in murine macrophages
transgenic for human APOE4, a genetic risk variant for atherosclerosis [63].
Another path to alleviation of the ER stress is restoration of proteasome function to help reduce
the unfolded protein load [64]. Protein kinase A activators, such as isoproterenol and forskolin, employ
this mechanism to attenuate ER stress and associated apoptosis [65]. On the other hand, inhibition of
protein synthesis via eIF2α signalling can also have protective effects under the ER stress conditions.
Salubrinal, which specifically inhibits eIF2α phosphatases [66], could prevent ER stress-induced
apoptosis in cardiomyocytes through inhibition of CHOP-mediated pro-apoptotic signalling [67].
However, salubrinal was also demonstrated to induce a severe ER stress and apoptosis in pancreatic
β-cells [66], indicative that the response to treatment may be cell type-specific.
Furthermore, inhibition of signalling pathways up-regulated in ER stress can have protective
effects [68]. For instance, inhibition of TNF-α with pravastatin or specific antibodies could protect
cardiomyocytes from apoptosis [69,70]. Although CHOP is regarded as one of the most exciting
potential therapeutic targets for ER stress alleviation in metabolic disorders, only a few pharmacological
inhibitors of this pathway have been described so far. CHOP phosphorylation could be prevented
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by treatment with a p38 mitogen-activated protein kinase (MAPK) SB203580 [71], and JNK inhibitor
SP600125 could suppress mechanical stress-induced activation of CHOP [70]. Valproate, which
has been approved for treatment of bipolar disorder and epilepsy, induces the expression of the
ER chaperone BiP and suppresses induction of CHOP and caspase-12 activation [72]. The drug has
demonstrated beneficial effects in atherosclerotic ApoE knock out mice, opening interesting therapeutic
opportunities [73].
Several specific inhibitors of ERO1 have been developed. Compounds EN460 and QM295 were
demonstrated to induce the adaptive UPR response to alleviate the ER stress [74,75]. Another example
of signalling pathways implicated in regulation of ER stress is AMP kinase (AMPK) signalling. AMPK
is one of the cellular energy sensors, which performs the switch between anabolic and catabolic
pathways. Its inactivation is associated with severe ER stress and atherosclerosis that can be alleviated
by the ER stress suppressors, such as tempol and TUDCA [40]. On the other hand, activators of AMPK,
such as 5-aminoimidazole-4-carboxyamide-1-β-D-ribofuranoside (AICAR), atorvastatin, A-769662 and
PT1 have protective effects on cardiac cells by reducing the ER stress. AMPK agonists are currently
used for treatment of obesity and metabolic syndrome, however, clinical implication of these drugs
may be broadened [76,77].
Restoration of the ER calcium homeostasis is another promising avenue for alleviation of ER
stress-induced apoptosis. Several existing drugs, including verapamil and diltiazem can inhibit
calcium efflux from the ER enhancing its protein folding capacity [78,79]. Moreover, mitochondrial
calcium homeostasis is linked to that of the ER and its modulation may also have beneficial effects in
metabolic disorders [68]. However, more studies are needed to determine the therapeutic potential of
calcium regulation in atherosclerosis.
Naturally occurring chemical compounds often have therapeutic properties targeting different
metabolic and signalling pathways. A wide spectrum of natural components that have potential for
alleviation of the ER stress and apoptosis has recently been reviewed by Pereira et al. [80]. Known ER
stress-targeting natural components include proteasome inhibitors, such as brefeldin A, tunicamycin,
lactacyclin and others, regulators of the ER calcium homeostasis, such as thapsigargin, basiliolide A1
and agelasine B, IRE1/PERK signalling inhibitors, such as resveratrol and withaferin A and other
active molecules.
6. Conclusions
As the role of the ER stress in atherosclerosis development becomes evident, more potential drug
targets for possible therapy improvement are reported. However, it has to be kept in mind that the UPR
has important adaptive functions, and the same molecules are often implicated both in adaptive and
pathological pathways. Therefore, therapy targeting ER stress and apoptosis in atherosclerosis has to
be fine-tuned to avoid severe adverse events. Different cell types involved in the disease pathogenesis,
such as macrophages, endothelial and smooth muscle cells can have different responses to the ER
stress. Knowledge of the molecular mechanisms of ER stress has accumulated during the last years;
however, many questions remain unanswered. Future studies should focus on assessment of novel
possible therapeutic targets and on evaluation of safety and efficacy of existing drugs targeting the ER
stress pathways in order to evaluate their potential clinical utility for treatment of atherosclerosis.
Acknowledgments: The work was supported by Russian Scientific Foundation (Grant # 14-15-00112).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; de Ferranti, S.; Despres, J.;
Fullerton, H.J.; Howard, V.J.; et al. Heart disease and stroke statistics-2015 update: A report from the american
heart association. Circulation 2015, 131, e29–e322. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 193

2.
3.

4.

5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

15.

16.

17.

18.
19.
20.

21.

22.

7 of 11

Rafieian-Kopaei, M.; Setorki, M.; Doudi, M.; Baradaran, A.; Nasri, H. Atherosclerosis: Process, indicators,
risk factors and new hopes. Int. J. Prev. Med. 2014, 5, 927–946. [PubMed]
Orekhov, A.N.; Bobryshev, Y.V.; Sobenin, I.A.; Melnichenko, A.A.; Chistiakov, D.A. Modified low density
lipoprotein and lipoprotein-containing circulating immune complexes as diagnostic and prognostic
biomarkers of atherosclerosis and type 1 diabetes macrovascular disease. Int. J. Mol. Sci. 2014, 15,
12807–12841. [CrossRef] [PubMed]
Berenson, G.S.; Srinivasan, S.R.; Bao, W.; Newman, W.P., 3rd; Tracy, R.E.; Wattigney, W.A. Association
between multiple cardiovascular risk factors and atherosclerosis in children and young adults. The bogalusa
heart study. N. Engl. J. Med. 1998, 338, 1650–1656. [CrossRef] [PubMed]
Tuzcu, E.M.; Kapadia, S.R.; Tutar, E.; Ziada, K.M.; Hobbs, R.E.; McCarthy, P.M.; Young, J.B.; Nissen, S.E.
High prevalence of coronary atherosclerosis in asymptomatic teenagers and young adults: Evidence from
intravascular ultrasound. Circulation 2001, 103, 2705–2710. [CrossRef] [PubMed]
Orekhov, A.N. Mechanisms of atherogenesis and development of anti-atherosclerotic therapy.
Curr. Pharm. Des. 2015, 21, 1103–1106. [CrossRef] [PubMed]
Tabas, I. The role of endoplasmic reticulum stress in the progression of atherosclerosis. Circ. Res. 2010, 107,
839–850. [CrossRef]
Minamino, T.; Komuro, I.; Kitakaze, M. Endoplasmic reticulum stress as a therapeutic target in cardiovascular
disease. Circ. Res. 2010, 107, 1071–1082. [CrossRef] [PubMed]
Ron, D.; Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat. Rev. Mol.
Cell Biol. 2007, 8, 519–529. [CrossRef] [PubMed]
Bertolotti, A.; Zhang, Y.; Hendershot, L.M.; Harding, H.P.; Ron, D. Dynamic interaction of BIP and ER stress
transducers in the unfolded-protein response. Nat. Cell Biol. 2000, 2, 326–332. [PubMed]
Rutkowski, D.T.; Kaufman, R.J. A trip to the ER: Coping with stress. Trends Cell Biol. 2004, 14, 20–28.
[CrossRef] [PubMed]
Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev.
Mol. Cell Biol. 2012, 13, 89–102. [CrossRef] [PubMed]
Tabas, I.; Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell
Biol. 2011, 13, 184–190. [CrossRef] [PubMed]
Urano, F.; Wang, X.; Bertolotti, A.; Zhang, Y.; Chung, P.; Harding, H.P.; Ron, D. Coupling of stress in the
ER to activation of JNK protein kinases by transmembrane protein kinase IRE1. Science 2000, 287, 664–666.
[CrossRef]
Nishitoh, H.; Matsuzawa, A.; Tobiume, K.; Saegusa, K.; Takeda, K.; Inoue, K.; Hori, S.; Kakizuka, A.; Ichijo, H.
Ask1 is essential for endoplasmic reticulum stress-induced neuronal cell death triggered by expanded
polyglutamine repeats. Genes Dev. 2002, 16, 1345–1355. [CrossRef] [PubMed]
Nakagawa, T.; Zhu, H.; Morishima, N.; Li, E.; Xu, J.; Yankner, B.A.; Yuan, J. Caspase-12 mediates
endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-β. Nature 2000, 403, 98–103.
[CrossRef] [PubMed]
Kaneko, M.; Niinuma, Y.; Nomura, Y. Activation signal of nuclear factor-κB in response to endoplasmic
reticulum stress is transduced via IRE1 and tumor necrosis factor receptor-associated factor 2.
Biol. Pharm. Bull. 2003, 26, 931–935. [CrossRef] [PubMed]
Ma, Y.; Hendershot, L.M. Delineation of a negative feedback regulatory loop that controls protein translation
during endoplasmic reticulum stress. J. Biol. Chem. 2003, 278, 34864–34873. [CrossRef] [PubMed]
Oyadomari, S.; Mori, M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death Differ. 2004,
11, 381–389. [CrossRef] [PubMed]
Gross, E.; Sevier, C.S.; Heldman, N.; Vitu, E.; Bentzur, M.; Kaiser, C.A.; Thorpe, C.; Fass, D. Generating
disulfides enzymatically: Reaction products and electron acceptors of the endoplasmic reticulum thiol
oxidase ERO1P. Proc. Natl. Acad. Sci. USA 2006, 103, 299–304. [CrossRef] [PubMed]
Li, G.; Mongillo, M.; Chin, K.T.; Harding, H.; Ron, D.; Marks, A.R.; Tabas, I. Role of ERO1-α-mediated
stimulation of inositol 1,4,5-triphosphate receptor activity in endoplasmic reticulum stress-induced apoptosis.
J. Cell Biol. 2009, 186, 783–792. [CrossRef] [PubMed]
Timmins, J.M.; Ozcan, L.; Seimon, T.A.; Li, G.; Malagelada, C.; Backs, J.; Backs, T.; Bassel-Duby, R.; Olson, E.N.;
Anderson, M.E.; et al. Calcium/calmodulin-dependent protein kinase II links ER stress with FAS and
mitochondrial apoptosis pathways. J. Clin. Investig. 2009, 119, 2925–2941. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 193

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

8 of 11

McCullough, K.D.; Martindale, J.L.; Klotz, L.O.; Aw, T.Y.; Holbrook, N.J. Gadd153 sensitizes cells to
endoplasmic reticulum stress by down-regulating Bcl2 and perturbing the cellular redox state. Mol. Cell. Biol.
2001, 21, 1249–1259. [CrossRef] [PubMed]
Puthalakath, H.; O’Reilly, L.A.; Gunn, P.; Lee, L.; Kelly, P.N.; Huntington, N.D.; Hughes, P.D.; Michalak, E.M.;
McKimm-Breschkin, J.; Motoyama, N.; et al. ER stress triggers apoptosis by activating BH3-only protein BIM.
Cell 2007, 129, 1337–1349. [CrossRef]
Belmont, P.J.; Chen, W.J.; San Pedro, M.N.; Thuerauf, D.J.; Gellings Lowe, N.; Gude, N.; Hilton, B.;
Wolkowicz, R.; Sussman, M.A.; Glembotski, C.C. Roles for endoplasmic reticulum-associated degradation
and the novel endoplasmic reticulum stress response gene derlin-3 in the ischemic heart. Circ. Res. 2010, 106,
307–316. [CrossRef] [PubMed]
Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352,
1685–1695. [CrossRef] [PubMed]
Muller, C.; Bandemer, J.; Vindis, C.; Camaré, C.; Mucher, E.; Guéraud, F.; Larroque-Cardoso, P.; Bernis, C.;
Auge, N.; Salvayre, R.; et al. Protein disulfide isomerase modification and inhibition contribute to ER stress
and apoptosis induced by oxidized low density lipoproteins. Antioxid. Redox Signal. 2013, 18, 731–742.
[CrossRef]
Sanson, M.; Ingueneau, C.; Vindis, C.; Thiers, J.C.; Glock, Y.; Rousseau, H.; Sawa, Y.; Bando, Y.; Mallat, Z.;
Salvayre, R.; et al. Oxygen-regulated protein-150 prevents calcium homeostasis deregulation and apoptosis
induced by oxidized LDL in vascular cells. Cell Death Differ. 2008, 15, 1255–1265. [CrossRef]
Myoishi, M.; Hao, H.; Minamino, T.; Watanabe, K.; Nishihira, K.; Hatakeyama, K.; Asada, Y.; Okada, K.;
Ishibashi-Ueda, H.; Gabbiani, G.; et al. Increased endoplasmic reticulum stress in atherosclerotic plaques
associated with acute coronary syndrome. Circulation 2007, 116, 1226–1233. [CrossRef] [PubMed]
Zhou, J.; Lhotak, S.; Hilditch, B.A.; Austin, R.C. Activation of the unfolded protein response occurs at
all stages of atherosclerotic lesion development in apolipoprotein E-deficient mice. Circulation 2005, 111,
1814–1821. [CrossRef] [PubMed]
Hossain, G.S.; van Thienen, J.V.; Werstuck, G.H.; Zhou, J.; Sood, S.K.; Dickhout, J.G.; de Koning, A.B.;
Tang, D.; Wu, D.; Falk, E.; et al. TDAG51 is induced by homocysteine, promotes detachment-mediated
programmed cell death, and contributes to the cevelopment of atherosclerosis in hyperhomocysteinemia.
J. Biol. Chem. 2003, 278, 30317–30327. [CrossRef] [PubMed]
Thorp, E.; Li, G.; Seimon, T.A.; Kuriakose, G.; Ron, D.; Tabas, I. Reduced apoptosis and plaque necrosis in
advanced atherosclerotic lesions of Apoe´{´ and Ldlr´{´ mice lacking CHOP. Cell Metab. 2009, 9, 474–481.
[CrossRef] [PubMed]
Vanhoutte, P.M. Endothelial dysfunction: The first step toward coronary arteriosclerosis. Circ. J. 2009, 73,
595–601. [CrossRef] [PubMed]
Civelek, M.; Manduchi, E.; Riley, R.J.; Stoeckert, C.J., Jr.; Davies, P.F. Coronary artery endothelial
transcriptome in vivo: Identification of endoplasmic reticulum stress and enhanced reactive oxygen species
by gene connectivity network analysis. Circ. Cardiovasc. Genet. 2011, 4, 243–252. [CrossRef] [PubMed]
Feaver, R.E.; Hastings, N.E.; Pryor, A.; Blackman, B.R. GRP78 upregulation by atheroprone shear stress via
p38-, α2β1-dependent mechanism in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1534–1541.
[CrossRef] [PubMed]
Gargalovic, P.S.; Gharavi, N.M.; Clark, M.J.; Pagnon, J.; Yang, W.P.; He, A.; Truong, A.; Baruch-Oren, T.;
Berliner, J.A.; Kirchgessner, T.G.; et al. The unfolded protein response is an important regulator of
inflammatory genes in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2490–2496. [CrossRef]
[PubMed]
Gora, S.; Maouche, S.; Atout, R.; Wanherdrick, K.; Lambeau, G.; Cambien, F.; Ninio, E.; Karabina, S.A.
Phospholipolyzed LDL induces an inflammatory response in endothelial cells through endoplasmic
reticulum stress signaling. FASEB J. 2010, 24, 3284–3297. [CrossRef] [PubMed]
Outinen, P.A.; Sood, S.K.; Pfeifer, S.I.; Pamidi, S.; Podor, T.J.; Li, J.; Weitz, J.I.; Austin, R.C.
Homocysteine-induced endoplasmic reticulum stress and growth arrest leads to specific changes in gene
expression in human vascular endothelial cells. Blood 1999, 94, 959–967. [PubMed]

Int. J. Mol. Sci. 2016, 17, 193

39.

40.

41.
42.
43.
44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.
55.

9 of 11

Zulli, A.; Lau, E.; Wijaya, B.P.; Jin, X.; Sutarga, K.; Schwartz, G.D.; Learmont, J.; Wookey, P.J.; Zinellu, A.;
Carru, C.; et al. High dietary taurine reduces apoptosis and atherosclerosis in the left main coronary
artery: Association with reduced CCAAT/Enhancer binding protein homologous protein and total plasma
homocysteine but not lipidemia. Hypertension 2009, 53, 1017–1022. [CrossRef] [PubMed]
Dong, Y.; Zhang, M.; Wang, S.; Liang, B.; Zhao, Z.; Liu, C.; Wu, M.; Choi, H.C.; Lyons, T.J.; Zou, M.H.
Activation of AMP-activated protein kinase inhibits oxidized LDL-triggered endoplasmic reticulum stress
in vivo. Diabetes 2010, 59, 1386–1396. [CrossRef] [PubMed]
Bombeli, T.; Schwartz, B.R.; Harlan, J.M. Endothelial cells undergoing apoptosis become proadhesive for
nonactivated platelets. Blood 1999, 93, 3831–3838. [PubMed]
Brown, M.S.; Goldstein, J.L. Lipoprotein metabolism in the macrophage: Implications for cholesterol
deposition in atherosclerosis. Annu. Rev. Biochem. 1983, 52, 223–261. [CrossRef] [PubMed]
Maxfield, F.R.; Tabas, I. Role of cholesterol and lipid organization in disease. Nature 2005, 438, 612–621.
[CrossRef] [PubMed]
Feng, B.; Yao, P.M.; Li, Y.; Devlin, C.M.; Zhang, D.; Harding, H.P.; Sweeney, M.; Rong, J.X.; Kuriakose, G.;
Fisher, E.A.; et al. The endoplasmic reticulum is the site of cholesterol-induced cytotoxicity in macrophages.
Nat. Cell Biol. 2003, 5, 781–792. [CrossRef] [PubMed]
Tsukano, H.; Gotoh, T.; Endo, M.; Miyata, K.; Tazume, H.; Kadomatsu, T.; Yano, M.; Iwawaki, T.; Kohno, K.;
Araki, K.; et al. The endoplasmic reticulum stress-C/EBP homologous protein pathway-mediated apoptosis
in macrophages contributes to the instability of atherosclerotic plaques. Arterioscler. Thromb. Vasc. Biol. 2010,
30, 1925–1932. [CrossRef] [PubMed]
Devries-Seimon, T.; Li, Y.; Yao, P.M.; Stone, E.; Wang, Y.; Davis, R.J.; Flavell, R.; Tabas, I. Cholesterol-induced
macrophage apoptosis requires ER stress pathways and engagement of the type a scavenger receptor.
J. Cell Biol. 2005, 171, 61–73. [CrossRef] [PubMed]
Seimon, T.A.; Nadolski, M.J.; Liao, X.; Magallon, J.; Nguyen, M.; Feric, N.T.; Koschinsky, M.L.; Harkewicz, R.;
Witztum, J.L.; Tsimikas, S.; et al. Atherogenic lipids and lipoproteins trigger CD36-TLR2-dependent apoptosis
in macrophages undergoing endoplasmic reticulum stress. Cell Metab. 2010, 12, 467–482. [CrossRef]
[PubMed]
Seimon, T.A.; Obstfeld, A.; Moore, K.J.; Golenbock, D.T.; Tabas, I. Combinatorial pattern recognition receptor
signaling alters the balance of life and death in macrophages. Proc. Natl. Acad. Sci. USA 2006, 103,
19794–19799. [CrossRef] [PubMed]
Tabas, I.; Seimon, T.; Timmins, J.; Li, G.; Lim, W. Macrophage apoptosis in advanced atherosclerosis. Ann. N.
Y. Acad. Sci. 2009, 1173, E40–E45. [CrossRef] [PubMed]
Clarke, M.C.; Figg, N.; Maguire, J.J.; Davenport, A.P.; Goddard, M.; Littlewood, T.D.; Bennett, M.R. Apoptosis
of vascular smooth muscle cells induces features of plaque vulnerability in atherosclerosis. Nat. Med. 2006,
12, 1075–1080. [CrossRef] [PubMed]
Zhou, J.; Werstuck, G.H.; Lhotak, S.; de Koning, A.B.; Sood, S.K.; Hossain, G.S.; Moller, J.;
Ritskes-Hoitinga, M.; Falk, E.; Dayal, S.; et al. Association of multiple cellular stress pathways with
accelerated atherosclerosis in hyperhomocysteinemic apolipoprotein E-deficient mice. Circulation 2004,
110, 207–213. [CrossRef] [PubMed]
Kedi, X.; Ming, Y.; Yongping, W.; Yi, Y.; Xiaoxiang, Z. Free cholesterol overloading induced smooth muscle
cells death and activated both ER- and mitochondrial-dependent death pathway. Atherosclerosis 2009, 207,
123–130. [CrossRef] [PubMed]
Pedruzzi, E.; Guichard, C.; Ollivier, V.; Driss, F.; Fay, M.; Prunet, C.; Marie, J.C.; Pouzet, C.; Samadi, M.;
Elbim, C.; et al. NAD(P)H oxidase Nox-4 mediates 7-ketocholesterol-induced endoplasmic reticulum stress
and apoptosis in human aortic smooth muscle cells. Mol. Cell. Biol. 2004, 24, 10703–10717. [CrossRef]
[PubMed]
Dickhout, J.G.; Sood, S.K.; Austin, R.C. Role of endoplasmic reticulum calcium disequilibria in the mechanism
of homocysteine-induced ER stress. Antioxid. Redox Signal. 2007, 9, 1863–1873. [CrossRef] [PubMed]
Colgan, S.M.; Tang, D.; Werstuck, G.H.; Austin, R.C. Endoplasmic reticulum stress causes the activation
of sterol regulatory element binding protein-2. Int. J. Biochem. Cell Biol. 2007, 39, 1843–1851. [CrossRef]
[PubMed]

Int. J. Mol. Sci. 2016, 17, 193

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.
72.

73.

10 of 11

Werstuck, G.H.; Khan, M.I.; Femia, G.; Kim, A.J.; Tedesco, V.; Trigatti, B.; Shi, Y. Glucosamine-induced
endoplasmic reticulum dysfunction is associated with accelerated atherosclerosis in a hyperglycemic mouse
model. Diabetes 2006, 55, 93–101. [CrossRef]
Engin, F.; Hotamisligil, G.S. Restoring endoplasmic reticulum function by chemical chaperones: An emerging
therapeutic approach for metabolic diseases. Diabetes Obes. Metab. 2010, 12, 108–115. [CrossRef] [PubMed]
Lee, B.; Rhead, W.; Diaz, G.A.; Scharschmidt, B.F.; Mian, A.; Shchelochkov, O.; Marier, J.F.; Beliveau, M.;
Mauney, J.; Dickinson, K.; et al. Phase 2 comparison of a novel ammonia scavenging agent with sodium
phenylbutyrate in patients with urea cycle disorders: Safety, pharmacokinetics and ammonia control.
Mol. Genet. Metab. 2010, 100, 221–228. [CrossRef] [PubMed]
Kolb, P.S.; Ayaub, E.A.; Zhou, W.; Yum, V.; Dickhout, J.G.; Ask, K. The therapeutic effects of 4-phenylbutyric
acid in maintaining proteostasis. Int. J. Biochem. Cell Biol. 2015, 61, 45–52. [CrossRef]
Ozcan, U.; Yilmaz, E.; Ozcan, L.; Furuhashi, M.; Vaillancourt, E.; Smith, R.O.; Gorgun, C.Z.; Hotamisligil, G.S.
Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse model of type 2 diabetes.
Science 2006, 313, 1137–1140. [CrossRef] [PubMed]
Yao, S.; Miao, C.; Tian, H.; Sang, H.; Yang, N.; Jiao, P.; Han, J.; Zong, C.; Qin, S. Endoplasmic reticulum stress
promotes macrophage-derived foam cell formation by up-regulating cluster of differentiation 36 (CD36)
expression. J. Biol. Chem. 2014, 289, 4032–4042. [CrossRef] [PubMed]
Dong, Y.; Zhang, M.; Liang, B.; Xie, Z.; Zhao, Z.; Asfa, S.; Choi, H.C.; Zou, M.H. Reduction of amp-activated
protein kinase α2 increases endoplasmic reticulum stress and atherosclerosis in vivo. Circulation 2010, 121,
792–803. [CrossRef] [PubMed]
Cash, J.G.; Kuhel, D.G.; Basford, J.E.; Jaeschke, A.; Chatterjee, T.K.; Weintraub, N.L.; Hui, D.Y. Apolipoprotein
E4 impairs macrophage efferocytosis and potentiates apoptosis by accelerating endoplasmic reticulum stress.
J. Biol. Chem. 2012, 287, 27876–27884. [CrossRef]
Tsukamoto, O.; Minamino, T.; Okada, K.; Shintani, Y.; Takashima, S.; Kato, H.; Liao, Y.; Okazaki, H.; Asai, M.;
Hirata, A.; et al. Depression of proteasome activities during the progression of cardiac dysfunction in
pressure-overloaded heart of mice. Biochem. Biophys. Res. Commun. 2006, 340, 1125–1133. [CrossRef]
[PubMed]
Asai, M.; Tsukamoto, O.; Minamino, T.; Asanuma, H.; Fujita, M.; Asano, Y.; Takahama, H.; Sasaki, H.;
Higo, S.; Asakura, M.; et al. PKA rapidly enhances proteasome assembly and activity in in vivo canine hearts.
J. Mol. Cell. Cardiol. 2009, 46, 452–462. [CrossRef] [PubMed]
Fu, H.Y.; Okada, K.; Liao, Y.; Tsukamoto, O.; Isomura, T.; Asai, M.; Sawada, T.; Okuda, K.; Asano, Y.;
Sanada, S.; et al. Ablation of C/EBP homologous protein attenuates endoplasmic reticulum-mediated
apoptosis and cardiac dysfunction induced by pressure overload. Circulation 2010, 122, 361–369. [CrossRef]
[PubMed]
Liu, C.L.; Li, X.; Hu, G.L.; Li, R.J.; He, Y.Y.; Zhong, W.; Li, S.; He, K.L.; Wang, L.L. Salubrinal protects
against tunicamycin and hypoxia induced cardiomyocyte apoptosis via the PERK-EIF2α signaling pathway.
J. Geriatr. Cardiol. 2012, 9, 258–268. [PubMed]
Cao, S.S.; Kaufman, R.J. Targeting endoplasmic reticulum stress in metabolic disease. Expert Opin.
Ther. Targets 2013, 17, 437–448. [CrossRef] [PubMed]
Zhao, H.; Liao, Y.; Minamino, T.; Asano, Y.; Asakura, M.; Kim, J.; Asanuma, H.; Takashima, S.; Hori, M.;
Kitakaze, M. Inhibition of cardiac remodeling by pravastatin is associated with amelioration of endoplasmic
reticulum stress. Hypertens. Res. 2008, 31, 1977–1987. [CrossRef] [PubMed]
Cheng, W.P.; Wang, B.W.; Shyu, K.G. Regulation of GADD153 induced by mechanical stress in
cardiomyocytes. Eur. J. Clin. Investig. 2009, 39, 960–971. [CrossRef] [PubMed]
Wang, X.Z.; Ron, D. Stress-induced phosphorylation and activation of the transcription factor CHOP
(GADD153) by p38 map kinase. Science 1996, 272, 1347–1349. [CrossRef] [PubMed]
Zhang, Z.; Tong, N.; Gong, Y.; Qiu, Q.; Yin, L.; Lv, X.; Wu, X. Valproate protects the retina from endoplasmic
reticulum stress-induced apoptosis after ischemia-reperfusion injury. Neurosci. Lett. 2011, 504, 88–92.
[CrossRef] [PubMed]
Bowes, A.J.; Khan, M.I.; Shi, Y.; Robertson, L.; Werstuck, G.H. Valproate attenuates accelerated atherosclerosis
in hyperglycemic apoe-deficient mice: Evidence in support of a role for endoplasmic reticulum stress and
glycogen synthase kinase-3 in lesion development and hepatic steatosis. Am. J. Pathol. 2009, 174, 330–342.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 193

74.

75.

76.
77.
78.

79.
80.

11 of 11

Blais, J.D.; Chin, K.T.; Zito, E.; Zhang, Y.; Heldman, N.; Harding, H.P.; Fass, D.; Thorpe, C.; Ron, D. A small
molecule inhibitor of endoplasmic reticulum oxidation 1 (ERO1) with selectively reversible thiol reactivity.
J. Biol. Chem. 2010, 285, 20993–21003. [CrossRef] [PubMed]
Kim, I.; Shu, C.W.; Xu, W.; Shiau, C.W.; Grant, D.; Vasile, S.; Cosford, N.D.; Reed, J.C. Chemical biology
investigation of cell death pathways activated by endoplasmic reticulum stress reveals cytoprotective
modulators of ask1. J. Biol. Chem. 2009, 284, 1593–1603. [CrossRef]
Jia, F.; Wu, C.; Chen, Z.; Lu, G. Atorvastatin inhibits homocysteine-induced endoplasmic reticulum stress
through activation of AMP-activated protein kinase. Cardiovasc. Ther. 2012, 30, 317–325. [CrossRef] [PubMed]
Kim, M.; Tian, R. Targeting ampk for cardiac protection: Opportunities and challenges. J. Mol. Cell. Cardiol.
2011, 51, 548–553. [CrossRef] [PubMed]
Mu, T.W.; Fowler, D.M.; Kelly, J.W. Partial restoration of mutant enzyme homeostasis in three distinct
lysosomal storage disease cell lines by altering calcium homeostasis. PLoS Biol. 2008, 6, e26. [CrossRef]
[PubMed]
Ong, D.S.; Kelly, J.W. Chemical and/or biological therapeutic strategies to ameliorate protein misfolding
diseases. Curr. Opin. Cell Biol. 2011, 23, 231–238. [CrossRef] [PubMed]
Pereira, D.M.; Valentao, P.; Correia-da-Silva, G.; Teixeira, N.; Andrade, P.B. Translating endoplasmic reticulum
biology into the clinic: A role for ER-targeted natural products? Nat. Product. Rep. 2015, 32, 705–722.
[CrossRef]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

