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Abstract: Physical inactivity and sedentary lifestyle contribute to the widespread epidemic of
obesity among both adults and children leading to rising cases of diabetes. Cardiovascular disease
complications associated with obesity and diabetes are closely linked to insulin resistance and its
complex implications on vascular cells particularly endothelial cells. Endoplasmic reticulum (ER)
stress is activated following disruption in post-translational protein folding and maturation within
the ER in metabolic conditions characterized by heavy demand on protein synthesis, such as obesity
and diabetes. ER stress has gained much interest as a key bridging and converging molecular link
between insulin resistance, oxidative stress, and endothelial cell dysfunction and, hence, represents
an interesting drug target for diabetes and its cardiovascular complications. We reviewed here the
role of ER stress in endothelial cell dysfunction, the primary step in the onset of atherosclerosis
and cardiovascular disease. We specifically focused on the contribution of oxidative stress, insulin
resistance, endothelial cell death, and cellular inflammation caused by ER stress in endothelial cell
dysfunction and the process of atherogenesis.

Keywords: endoplasmic reticulum stress; unfolded protein response; endothelial dysfunction;
atherosclerosis; diabetes

1. Introduction

In recent decades, obesity has reached a global epidemic status among adults as well as pediatric
populations. The high prevalence of obesity leads to dramatic negative consequences on morbidity,
mortality, and quality of life in addition to a significant social and economic burdens. Altogether this
has led to a reduced life expectancy among obese subjects [1,2]. Cardiovascular events associated
with diabetes affecting coronary and peripheral arteries, enhance the risk of myocardial infarction and
stroke which are the major root of premature death accounting for 80% of early mortality in diabetic
patients [3].

Much evidence in the literature reported a strong association between obesity and cardiovascular
diseases including acute coronary syndrome, hypertension, and heart failure [1,2]. Obesity is
characterized by insulin resistance, a serious metabolic dysfunction, in addition to low grade
inflammation and oxidative stress, which represent common risk factors for atherosclerosis.
Enlarged adipose tissue secretes a variety of adipokines that play crucial roles in insulin resistance,
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coagulation, and inflammatory responses, thus, contributing to all the stages of atherogenesis from
early endothelial dysfunction to lipid infiltration and plaque buildup [4]. Atherosclerosis precedes
the development of coronary heart disease, and obese subjects were shown to exhibit larger vascular
lesions compared to normal weight controls [5].

Obesity is also a major risk factor for type-2 diabetes which is associated with multiple
cardiovascular disturbances [1,2]. Microvascular and macrovascular complications are pathological
hallmarks of diabetes, resulting in severe damage and failure of several organ systems, mostly
encompassing the eyes, nerves, kidneys, and the heart [6]. Sadly, diabetes is considered as the principal
cause of blindness, non-traumatic lower limb amputation, and chronic nephropathy requiring dialysis
or renal replacement in addition to ischemic vascular disorders [3]. In 2016, diabetes directly caused
1.6 million deaths worldwide [7], and the number of deaths has further risen to 4 million in 2017 [8].
Because of the alarming rates of morbidity and mortality implicated with diabetes, prevention and
effective treatment strategies of complications are a pressing matter more than ever.

Cardiovascular disease complications associated with obesity and diabetes are closely linked
to insulin resistance and its complex implications on vascular cells particularly endothelial cells.
Insulin induces its vascular effects mainly by enhancing the bioavailability of endothelium-derived
nitric oxide (NO) through activating endothelial NO synthase (eNOS) [9]. Conditions of insulin
resistance result in the impairment of endothelial-mediated vasodilation generally referred to as
“endothelial dysfunction” [10]. Endothelial dysfunction is marked by impaired bioavailability of NO
profoundly affecting peripheral vascular resistance in addition to the delivery of blood and nutrients
to tissues involved in metabolic processes, thereby, contributing to metabolic disturbances. It is
considered to be an independent prognosticator of cardiovascular events by playing a central role in
the initiation of atherosclerosis and the progression of clinical complications consistently associated
with diabetes.

It has been found that endoplasmic reticulum (ER) stress response is activated in insulin resistance
states, such as obesity and diabetes, and contributes to insulin resistance and disruption of lipid
metabolism [11–13] as well as cardiovascular disease [14,15]. The ER is the largest intracellular
compartment where protein synthesis and post-translational maturation take place. If the balance
between unfolded proteins and folding capacity of the ER is disturbed, a state of stress arises within
the ER, leading to the bracing of a pro-survival pathway known as the unfolded protein response
(UPR). The activation of UPR aims at reducing protein load on the ER and improving its homeostasis.
However, the lengthened or chronic activation of UPR is recognized as a state of ER stress which is
associated with the stimulation of pro-inflammatory and pro-apoptotic pathways [16,17].

In the current review article, we reviewed the role of ER stress in endothelial dysfunction, the
crucial initiating step in atherogenesis sequence. We also highlighted the inter-connection between
insulin resistance and impaired endothelial function in obesity and diabetes and the bridging role of
ER stress in this process.

2. Physiological Roles of Endothelium and Endothelial Dysfunction

2.1. Physiological Roles of Endothelium

For many years, the endothelium was regarded only as a static biological barrier that wraps
the innermost layer of all vessels of the vascular tree. However, extensive investigations shed light
on the dynamic functions and paramount role of the endothelium in maintaining cardiovascular
homeostasis. Now, the endothelium is recognized as a large functional endocrine organ possessing
diverse secretory, metabolic, and immunological roles rather than just an inert lining. The endothelium
is a single layer of tightly interconnected cells that line the vessel walls, starting from the heart to the
narrowest capillaries. It consists of around 1013 cells spreading over a surface area of 4000 m2 in an
adult. Endothelial cells are vital for orchestrating the flow of molecules, nutrients, and blood cells and
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their functions are fine-tuned through the interaction of several metabolites, proteins, and hormones
with their endothelial membrane-bound receptors [18–22].

The most crucial endothelium-derived factor is NO, which is known to mediate important
roles, such as maintaining normal vascular homeostasis and an anti-thrombotic vascular surface.
NO is produced by eNOS and then diffuses into the adjacent smooth muscle where it activates
guanylyl cyclase which generates cyclic guanosine monophosphate (cGMP) that then activates a
cGMP-dependent protein kinase responsible for the phosphorylation of myosin light chain (MLC)
phosphatase. MLC phosphatase will then dephosphorylate MLC leading eventually to smooth
muscle relaxation [21,22]. Furthermore, NO can prevent the aggregation of platelets and growth
of smooth muscle cells in addition to blocking mRNA transcription of several adhesion molecules,
such as vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1 [23].
The force exercised by shear stress on the surface of vascular walls and the interaction of a variety of
agonists with their surface receptors (e.g., acetylcholine and bradykinin) can stimulate eNOS causing
the synthesis and release of NO from endothelial cells. Other major vasoactive factors secreted by the
endothelium include endothelium-derived hyperpolarizing factor (EDHF) and prostacyclin (PGI2),
which contribute to the vasodilatory effect in addition to platelet inhibition by PGI2 [21,22,24].

Endothelial cells also secrete a strong vasoconstrictor factor, endothelin-1 (ET-1), that possesses
both inflammatory and proliferative effects and, hence, contributes to the pathogenic processes in the
cardiovascular system. ET-1 antagonizes the effects of NO at multiple molecular levels. It directly
inhibits eNOS and, hence, reduces NO release, increases reactive oxygen species (ROS) production
by activating Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase, responsible for the
production of superoxide anion (O2

−), which can scavenge NO to form peroxynitrite (ONOO−),
a potent free radical contributing further to the reduction of NO bioavailability. In addition, ET-1
blocks tetrahydrobiopterin (BH4) resulting in the uncoupling of eNOS which starts producing O2

−

instead of NO [25,26]. The endothelium also generates several other vasoconstrictor agents including
prostaglandin H2 (PGH2), thromboxane A2 (TXA2), and ROS. Furthermore, endothelial cells express
at their surface angiotensin-converting enzyme (ACE) which controls the conversion of angiotensin I
(angI) into angiotensin II (angII), another very potent vasoconstrictor and mitogenic molecule [27–29].
NO release by endothelial cells contributes to preventing leukocyte adhesion in normal conditions.
However, activated endothelium expresses multiple adhesion molecules at its surface, which facilitates
the recruitment and aids the passage of monocytes across the vessel wall and contributes, thus, to the
promotion of an inflammatory micro-environment. Activated endothelial cells can produce and release
several pro-inflammatory cytokines (e.g., tumor necrosis factor (TNF)-α and interleukin (IL)-6) [30].

The endothelium also controls angiogenesis, which is stimulated by certain pro-angiogenic
molecules, particularly vascular endothelial growth factor (VEGF), platelet activating factor (PAF), and
fibroblast growth factor (FGF). VEGF-A is a central factor regulating the formation of blood vessels; it is
widely expressed in tissues frequently making new vessels, such as diabetic retina, cardiac tissue, and
the endothelium [31]. By interacting with its receptor expressed by endothelial cells, VEGF activates
the mitogen-activated protein kinase (MAPK) cellular pathway, which then promotes angiogenesis
through the transactivation of key genes implicated in this process. However, this process can be
counterbalanced by the release, by endothelial cells, of other anti-angiogenic factors, such as angiostatin
and thrombospondin, which can block the angiogenic response [21,22,32].

2.2. Endothelial Dysfunction

The state of the endothelium is referred to as dysfunctional when it is no longer able to
maintain its natural function and switches towards one of the following states: (I) reduced
bioavailability of NO as a consequence of reduced production and/or scavenging by excessive ROS
release; (II) weakened endothelium-mediated vasodilation; (III) disrupted fibrinolysis and enhanced
thrombosis; (IV) overproduction of growth factors, chemokines, adhesion molecules, pro-inflammatory
molecules (e.g., cytokines), ROS, and altered (impaired or excessive) angiogenesis. Because of its
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crucial contributing role to the main functions of endothelial cells, reduced production and liberation
or NO and/or reduced activation of eNOS are the earliest and most significant features of endothelial
dysfunction. Endothelial dysfunction is the early step in the advancement of cardiovascular diseases
by playing a central role in the initiation of atherosclerosis and progression of clinical complications
consistently associated with diabetes [33–35].

3. Unfolded Protein Response (UPR) and Endoplasmic Reticulum (ER) Stress

3.1. The Physiological Roles of ER

Being the largest organelle, the ER is a highly active multifunctional entity with a paramount role
in cell homeostasis, functioning, and survival. Two types of ER exist inside the cell; the rough and
smooth ER. The ribosomes enclosed at the surface of the rough ER mediate protein synthesis, folding,
and post-translational modifications. Smooth ER, however, does not express ribosomes and is, thus,
not capable of protein synthesis, but it plays a key role in lipid and steroid synthesis, carbohydrate
metabolism, and intracellular calcium handling [36]. Translation of proteins occurs in the cytosolic
surface of the rough ER via ribosomes. After translation, proteins are transferred inside the lumen
of the ER where they are subjected to post-translational modifications, folding, and stabilization into
their functional structure. These functions are performed by the ER folding machinery, composed
of foldases and molecular chaperones, such as the immune-globulin protein (BiP) also known as
Glucose regulated protein 78 (GRP78), which are dedicated to folding proteins into their proper form
and prevent their aggregation. Moreover, they also act as a quality control checkpoint, assessing the
state of newly synthesized proteins. The nascent polypeptide chain is partially folded inside the ER
before being exported to the Golgi apparatus for further post-translational maturation to gain the final
conformation [36]. However, if proteins are misfolded or aggregated, they are retained within the ER
where they enter the ER discarding system known as ER-associated degradation (ERAD) machinery.
The ERAD system degrades aggregated and misfolded proteins with the help of the proteasome system,
thus, preventing them from exiting the ER and causing harm to the cellular environment [37,38].

3.2. UPR and ER Stress Response

As highlighted above, the ER is a complex organelle with various functions, and it is kept
under tight regulation to maintain a balanced and adequate function. Despite this regulation and the
presence of numerous chaperones and foldases, unfolded and misfolded proteins may accumulate
inside the ER lumen. This occurs when the demand for folding newly synthesized peptides outpaces
the folding capacity of the ER, such as in cases of metabolic disturbances (e.g., obesity and diabetes).
Such perturbations overwhelm the ER leading to the activation of the unfolded protein response (UPR)
pathway (Figure 1). The UPR initial aim is to recover ER homeostasis by I) ceasing the translation
of protein to prevent further load, II) increasing the ER folding capacity, and III) activating the
ERAD system to dispose of the unrepairable misfolded proteins. Yet, when these attempts fail to
re-establish normal ER functions and alleviate the stress, cellular inflammation and apoptotic signals
are triggered [37,39–41].

The UPR operates through the activity of three main ER-bound sensors; protein kinase-like
endoplasmic reticulum kinase (PERK), activating transcription factor (ATF)-6, and inositol requiring
enzyme (IRE)-1α. These effectors have two domains; C-termini found inside the ER and N-termini in
the cytosol. Under normal non-stress state, the luminal domains of the three effectors interact with the
chaperone BiP. BiP keeps the enzymatic activities of these effectors in inactive states. Nonetheless, the
buildup of unfolded and/or misfolded proteins calls upon BiP resulting in its detachment from the
UPR sensors and, hence, activating them (Figure 1) [37,39–41].
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Figure 1. Unfolded protein response (UPR). Upon the buildup of misfolded and/or unfolded proteins 
inside the endoplasmic reticulum (ER), the chaperone, binding immunoglobulin protein (BiP), 
dissociates from and, thus, activating the three ER transmembrane proteins, protein kinase-like 
endoplasmic reticulum kinase (PERK), activating transcription factor (ATF)-6, and inositol requiring 
enzyme (IRE)-1α. Activated PERK phosphorylates eukaryotic initiation factor (eIF)-2α blunting, thus, 
general translation of proteins with the selective synthesis of transcription factor, ATF-4, being 
allowed. Free ATF-6 transfers to the Golgi apparatus where it gets cleaved and, hence, activated. 
Activated cleaved ATF-6 relocates to the nucleus and boosts the transcription of molecular 
chaperones that can help in improving ER protein folding functions. Activated IRE-1α causes the 
mRNA splicing of X-box binding protein (XBP)-1 and generates an active splice variant (sXBP-1) 
which stimulates the transcription of genes controlling the expression of several molecular 
chaperones, foldases, and proteins the ER-associated degradation (ERAD) machinery aiming at 
restoring ER homeostasis. Prolonged activation of UPR leads to ER stress with activation of 
inflammatory signaling pathways, including c-Jun N-terminal Kinase (JNK) and nuclear factor (NF)-
κB, which may activate pro-inflammatory and apoptotic signals, such as CCAAT/enhancer-binding 
protein homologous protein (CHOP). 

PERK is the first protein in the UPR pathway [13,42]. PERK dimerizes and autophosphorylates 
after its dissociation from BiP, then it phosphorylates eukaryotic initiation factor (eIF)-2α. 
Phosphorylated eIF-2α attenuates mRNA translation to reduce the load on the ER; however, it 
selectively enhances the mRNA translation of ATF-4. ATF-4 promotes the transcription of genes 
encoding for amino acid synthesis and ER stress-mediated apoptosis; such as tribbles homolog 3 
(TRIB3) and CCAAT/enhancer-binding protein homologous protein (CHOP), respectively (Figure 1). 
The negative feedback of PERK signaling is mediated by ATF-4 which enhances the transcription of 
growth arrest and DNA damage inducible protein (GADD34) that leads to PERK dephosphorylation 
and inactivation by protein phosphatase 1 (PP1) [37,39–41]. 

The second UPR sensor is ATF-6 [13,42], which dissociates from BiP due to the increase in 
unfolded and/or misfolded proteins and then translocates to the Golgi body for further processing 
and cleavage by Site 1 protease (S1P), a serine protease, and site 2 protease (S2P), a metalloprotease 
that cleaves the N-terminal cytosolic domain. Cleaved ATF-6 translocates then to the nucleus and 
induces the expression of multiple ER stress response genes especially molecular chaperones, such 
as BiP and glucose regulated protein 94 (GRP94), to further assist in the correcting protein folding. If 
the UPR response fails to resolve the stress condition and the state of stress pursues in chronic mode, 
the cell may finally decide to undergo apoptosis where ATF-6 will play a critical role through the 

Figure 1. Unfolded protein response (UPR). Upon the buildup of misfolded and/or unfolded
proteins inside the endoplasmic reticulum (ER), the chaperone, binding immunoglobulin protein
(BiP), dissociates from and, thus, activating the three ER transmembrane proteins, protein kinase-like
endoplasmic reticulum kinase (PERK), activating transcription factor (ATF)-6, and inositol requiring
enzyme (IRE)-1α. Activated PERK phosphorylates eukaryotic initiation factor (eIF)-2α blunting,
thus, general translation of proteins with the selective synthesis of transcription factor, ATF-4, being
allowed. Free ATF-6 transfers to the Golgi apparatus where it gets cleaved and, hence, activated.
Activated cleaved ATF-6 relocates to the nucleus and boosts the transcription of molecular chaperones
that can help in improving ER protein folding functions. Activated IRE-1α causes the mRNA
splicing of X-box binding protein (XBP)-1 and generates an active splice variant (sXBP-1) which
stimulates the transcription of genes controlling the expression of several molecular chaperones,
foldases, and proteins the ER-associated degradation (ERAD) machinery aiming at restoring ER
homeostasis. Prolonged activation of UPR leads to ER stress with activation of inflammatory signaling
pathways, including c-Jun N-terminal Kinase (JNK) and nuclear factor (NF)-κB, which may activate
pro-inflammatory and apoptotic signals, such as CCAAT/enhancer-binding protein homologous
protein (CHOP).

PERK is the first protein in the UPR pathway [13,42]. PERK dimerizes and autophosphorylates
after its dissociation from BiP, then it phosphorylates eukaryotic initiation factor (eIF)-2α.
Phosphorylated eIF-2α attenuates mRNA translation to reduce the load on the ER; however, it
selectively enhances the mRNA translation of ATF-4. ATF-4 promotes the transcription of genes
encoding for amino acid synthesis and ER stress-mediated apoptosis; such as tribbles homolog 3
(TRIB3) and CCAAT/enhancer-binding protein homologous protein (CHOP), respectively (Figure 1).
The negative feedback of PERK signaling is mediated by ATF-4 which enhances the transcription of
growth arrest and DNA damage inducible protein (GADD34) that leads to PERK dephosphorylation
and inactivation by protein phosphatase 1 (PP1) [37,39–41].

The second UPR sensor is ATF-6 [13,42], which dissociates from BiP due to the increase in unfolded
and/or misfolded proteins and then translocates to the Golgi body for further processing and cleavage
by Site 1 protease (S1P), a serine protease, and site 2 protease (S2P), a metalloprotease that cleaves
the N-terminal cytosolic domain. Cleaved ATF-6 translocates then to the nucleus and induces the
expression of multiple ER stress response genes especially molecular chaperones, such as BiP and
glucose regulated protein 94 (GRP94), to further assist in the correcting protein folding. If the UPR
response fails to resolve the stress condition and the state of stress pursues in chronic mode, the cell
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may finally decide to undergo apoptosis where ATF-6 will play a critical role through the induction of
CHOP expression (Figure 1) [43,44]. It is noteworthy that the exact time point at which the cell reveres
from a pro-survival mode to an apoptotic one remains elusive.

The last key effector in the UPR response is IRE-1α which features both a protein kinase function
and an endo-ribonuclease activity. When BiP dissociates freeing it up from its inhibition, it undergoes
oligomerization resulting in auto-phosphorylation and subsequent stimulation of its endo-ribonuclease
activity which splices an intron in the mRNA sequence of the X-box binding protein (XBP)-1, leading
to the expression of the active splice variant of XBP-1. Spliced XBP-1 stimulates the transcription of
several genes encoding for molecular chaperones and proteins of the ERAD machinery to restore
ER homeostasis (Figure 1) [45]. When the UPR fails to resolve this situation of stress, this same
enzyme, IRE-1α, triggers an apoptotic signaling cascade by recruiting TNF-α receptor associated
factor (TRAF)-2 and apoptosis signaling kinase-1 (ASK)-1 causing the phosphorylation and, hence,
activation of inflammatory signaling molecules, p38 MAPK and c-Jun N-terminal Kinase (JNK), [46].
Activated JNK translocates then to the mitochondrial membrane and catalyzes the phosphorylation
of the anti-apoptotic protein, Bcl-2, and pro-apoptotic protein, Bim, with subsequent inhibition
and activation, respectively, resulting in the initiation of apoptosis [47]. Activated p38 MAPK
phosphorylates and, hence, activates CHOP, which alters gene expression to favor apoptosis by
the induction of Bim and suppression of Bcl-2, eventually stimulating caspases and apoptosis [48].

4. Contribution of ER Stress Response to Cardiovascular Disease

4.1. The Role of ER Stress in Endothelial Dysfunction

Sustained ER stress activation has been linked to several diseases including diabetes,
cardiovascular disorders, and endothelial dysfunction [34]. Endothelial cells isolated from arteries
susceptible to atherosclerosis revealed chronic stimulation of ER stress illustrated by the activation of
UPR signal transducers specifically, IRE-1α and ATF-6 [49]. The expression of XBP-1 was found to be
elevated in endothelial cells isolated from atherosclerotic lesions and curvatures of the aorta, while
only a small amount was present in normal aorta. Furthermore, human umbilical vein endothelial cells
(HUVECs) exposed to disrupted flow rather than laminar flow showed an increase in the expression
of XBP-1. When XPB-1 was over-expressed in HUVECs, an increase in the amount of spliced XBP-1
caused endothelial cell apoptosis through downregulating protein levels of VE-cadherin, a critical
junctional protein, and the activation of caspases cascade. Intriguingly, it was shown that the transient
activation of XBP-1 had an important role in endothelial cell proliferation, as proliferating HUVECs
displayed an elevated expression of XBP-1 [50]. On the other hand, more recently, it has been reported
that the exposure of HUVECs to a laminar flow inhibited ER stress and UPR activation, and prevented
ER stress-mediated endothelial cell apoptosis [51]. Recent investigations of the specific role of XBP-1 in
endothelial cell proliferation through a scratch migration assay to mimic wound healing, revealed that
XBP-1 is crucial for activating endothelial cell migration and upregulating the expression of eNOS [52].
These findings suggest that the endothelial effects of XBP-1 on proliferation maybe mediated through
the UPR of the ER (UPRER) instead of ER stress response. In certain conditions, the cell activates UPRER

as a pre-emptive protective mechanism when anticipating a surge in protein demand and synthesis to
prevent the activation of ER stress. This response is thought to be mediated by the cytoprotective effects
of XBP-1 which was shown to control stem cell differentiation in the absence of ER stress response [53].

ER stress induction in endothelial cells was shown to result in a significant upregulation of both
mRNA and protein expression of ET-1, while diminishing those of eNOS [54]. Kassan et al. [15] have
demonstrated that ER stress inhibition protected mice against angII-induced endothelial dysfunction,
where mice treated with angII and ER stress inhibitor showed improved eNOS activity and enhanced
phosphorylation in addition to improved endothelium-dependent vascular relaxation [15].

In healthy endothelium, maintaining vascular homeostasis and tone is a fine-tuned harmony
between endothelium-derived relaxing factors (EDRF) and constricting factors (EDCF). In pathological
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conditions that disrupt endothelial function, perturbations of this balance occur resulting in conditions,
such as hypertension. In a model of hypertensive rats, the administration of ER stress inhibitors
(chemical chaperones); tauroursodeoxycholic acid (TUDCA) or 4-phenylbutyric acid (PBA), resulted in
normalized vascular tone through suppressing cytosolic phospholipases A2 (cPLA2)/cyclooxygenases
(COX) pathway and, hence, restoring the balance between EDRF and EDCF [55].

To further link ER stress to endothelial dysfunction, ER stress was induced in coronary
artery endothelial cells by treating the cells with tunicamycin, an ER pharmacological stressor [48].
The induction of ER stress caused a reduction in the activity of eNOS as well as its expression in
coronary endothelial cells. In addition, ER stress caused an increase in the phosphorylation of p38
MAPK which is known to antagonize the phosphorylation and, hence, activation of eNOS. Moreover,
tunicamycin induced oxidative stress through the upregulation of mRNA expression of NADPH
oxidase, the major source of ROS in the vasculature, which in turn impaired endothelial function by
reducing NO bioavailability [48]. All of these effects were not observed in endothelial cells treated with
tunicamycin in the presence of the chemical chaperone, TUDCA, to alleviate ER stress [56]. Similarly,
Walsh et al. [57] demonstrated that endothelial dysfunction induced by hyperglycemia was alleviated
by the administration of TUDCA indicating that ER stress is a mediator of hyperglycemic actions
on endothelial cells [57]. More recently, HUVECs grown in intermittent high glucose environment
for a duration of 5 days exhibited activated ER stress response evident by protein overexpression
of BiP, ATF-4, and p-eIF-2-α (Ser51) compared to control conditions. Moreover, intermittent high
glucose caused endothelial dysfunction in HUVECs by reducing NO production, increasing endothelial
cell apoptosis and impairing angiogenic capacity. All these endothelial dysfunction features were
prevented in the presence of chemical chaperone, PBA [58]. Prolonged administration of PBA was
reported to attenuate endothelial dysfunction in streptozotocin (STZ)-induced diabetic rats [59].
Choi et al. [60] showed that db/db diabetic mice had a significant increase in protein expression of ER
stress markers; BiP, p-IRE-1α and its downstream XBP-1 in addition to p-PERK and its downstream
p-elF-2α, compared to non-diabetic mice. In addition, endothelial function was altered through
impaired endothelium-dependent relaxation in mouse coronary arteries with a significant elevation
in the expression of ICAM-1 and VCAM-1. The administration of the chemical chaperone, TUDCA,
reversed this endothelial dysfunction in db/db mice [60]. Altogether, there is substantial evidence to
support the crucial role of ER stress in unbalancing endothelial functions that pave the way for the
onset of endothelial dysfunction associated with metabolic perturbations.

4.2. The Role of ER Stress in the Development of Atherosclerosis

In the atherogenic sequence, oxidative stress and sub-intimal retention of lipoproteins are the
major triggers for the activation of endothelial cells and subsequent surface exposure of adhesion
molecules, and release of cytokines, and chemokines, leading eventually to the enrollment of
leukocytes, particularly monocytes. Monocytes differentiate in the sub-intimal layer into macrophages
which can phagocyte oxidized lipoproteins, forming the famous foam cells that can undergo apoptosis
and necrosis. ER stress has been found to contribute to most of these cellular disturbances, chiefly
endothelial dysfunction, and, therefore, deciphering the molecular mechanisms underpinning the role
of ER stress in atherosclerosis is of paramount importance in identifying novel therapeutic targets
and approaches [61]. ER stress is a molecular link that can participate in the onset of diabetes-related
atherosclerosis, especially in the late stages [62]. UPR has been found to be activated at all steps of
atherosclerosis development [63].

Investigations in humans and rodent models of atherosclerosis have demonstrated the activation
of ER stress response in both endothelial cells and macrophages. Free cholesterol and 7-ketocholesterol
activated ER stress in macrophages and led to their cell death in a process involving CHOP; however,
the deletion or silencing of CHOP in in vitro and in vivo models reduced apoptosis in macrophages
and reduced the size and vulnerability of atherosclerotic plaques [64]. It has been observed that the
IRE-1α/ASK-1/JNK axis strongly contributes to CHOP-induced macrophage cell death. For example,
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when apolipoprotein E (ApoE), which is essential for clearing triglycerides and cholesterol from
endothelial cells and macrophages, was knockout in mice that were fed a western cholesterol-rich
diet, mice exhibited macrophage and endothelial cell death that was reversed with small interfering
RNA against IRE-1α or with a JNK inhibitor, harnessing, therefore, the role of ER stress signaling
pathway in the progression of atherosclerotic lesions. The implication of ER stress in atherogenesis was
further confirmed in studies that utilized chemical chaperones to improve ER homeostasis. In a genetic
model of atherosclerosis, the administration of a chemical chaperone, PBA, to ApoE−/− mice reduced
plaque size and macrophage cell death [65]. More recently, the role of IRE-1α, the most conserved
ER-bound effector, in the development of atherosclerosis was further harnessed by work conducted
by Tufanli et al. [66] using an IRE-1α inhibitor (STF-083010). Authors reported that the treatment
of macrophages with STF-083010 prevented ER stress-induced upregulation of several atherogenic
genes, such as cytokines and chemokines, and blunted lipid-induced mitochondrial ROS production.
In addition, the inhibition of IRE-1α reduced plaque area and increased its content in collagen, which
confers elasticity to the plaques, in ApoE−/− mice fed a western diet [66].

Aggravated atherosclerosis is a very common feature of diabetes and is intimately linked to
hyperglycemia and dyslipidemia [34,67]. A major contributor to vascular complications mediated by
hyperglycemia is through the non-enzymatic synthesis of advanced glycation end products (AGEs),
which were reported to enhance the oxidization of low-density lipoprotein (LDL) to form oxidized
LDL (ox-LDL) [34]. The treatment of macrophages with ox-LDL was reported to cause the activation of
ER stress in a dose-dependent fashion and increased the expression of transporters that facilitate lipid
uptake and metabolism, such as cluster of differentiation (CD)36. These effects were prevented by the
chemical chaperone, TUDCA, and the silencing of CHOP [68]. Very recently Tian et al. [69] reported
that glycated high-density lipoprotein (HDL) also contributes to atherogenesis via the activation of
the ER stress response. Authors exposed RAW264.7 macrophages to glycated HDL, prepared from
native HDL collected from healthy donors and then incubated with high glucose. Glycated HDL
caused apoptosis of macrophages via the activation of ER stress, which was prevented in the presence
of the chemical chaperone, PBA, or when CHOP or PERK were silenced. Similar findings were
replicated using glycated HDL collected from diabetic patients. A focal role for autophagy in the
effects mediated by glycated HDL was highlighted both in vitro and in vivo using an ApoE−/− mouse
model of atherosclerosis and an inhibitor of autophagy [69]. Work by Li et al. [70] has shed light
on the role of apolipoprotein C3 (ApoC3), which is found in lipoproteins rich in triglycerides, in
atherosclerosis. Transgenic mice overexpressing ApoC3 had high plasma triglyceride levels and
exhibited neointimal hyperplasia compared to controls and ApoC3−/− mice. Furthermore, transgenic
ApoC3 mice were crossed with mice deficient for LDL receptor (LDLR−/−) resulted in accelerated
atherosclerotic lesions [70]. Later, it was found that triglyceride-rich lipoproteins collected from
transgenic ApoC3 mice caused the activation of ER stress response in a dose-dependent fashion in
both HUVECs and peritoneal mouse macrophages. Furthermore, activated ER stress response was
observed in aortas from ApoC3 transgenic mice crossed with LDLR−/− mice [71].

These studies underscore the crucial role of ER stress as a converging molecular link in the
progression of atherosclerosis through several actions, such as the activation of pro-apoptotic caspases
and apoptosis of macrophages and vascular endothelial cells [58,72]. The induction of ER stress may
also participate to impaired endothelial function and atherogenesis through insulin resistance [11,73,74]
and lipid buildup in tissues by enhancing the expression and action of sterol regulatory element binding
proteins (SREBP), that regulate lipid biosynthesis and uptake to endothelial cells [75].

5. Major Mechanisms Underpinning ER Stress-Mediated Endothelial Dysfunction

Several mechanisms have linked ER stress activation to endothelial dysfunction; however, the
major mechanisms include insulin resistance, which has been linked to impaired NO production
and signaling, oxidative stress through a reduction in NO bioavailability, endothelial cell apoptosis,
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and, finally, cellular inflammation and the activation of pro-inflammatory and anti-survival signaling
hubs [34].

5.1. ER Stress-Mediated Insulin Resistance

Insulin plays critical roles in the metabolism of glucose and lipids, cell survival and growth
as well as vascular functions among other important actions [76]. It exerts its action through the
interaction with its receptor which undergoes auto-phosphorylation on tyrosine residues, thus,
triggering the signaling cascade. Insulin signaling is then mediated through two major pathways; the
phosphatidylinositol-3-kinase (PI-3K)/protein kinase B (PKB) pathway, which controls the majority of
insulin’s metabolic actions, such as glucose uptake and anti-apoptotic actions, and the MAPK pathway,
which along with PI-3K govern cell growth and differentiation [76].

A hallmark of metabolic disturbances occurring in diabetes is insulin resistance [77].
The impairment in the sensitivity and circulating levels of insulin profoundly affects endothelial
function and contributes largely to the development and progression of diabetic micro- and
macrovascular complications [78]. Okon et al. [79] showed that arteries from human diabetic patients
had a 50% reduction in phosphorylated PKB levels in comparison to those of healthy subjects.
These findings were accompanied by a perturbation of endothelium mediated-vasodilation, which
correlated with decreased NO production as well as lower eNOS expression and activity [79]. On the
other hand, to demonstrate the effect of insulin resistance on endothelial function, Duncan et al. [80]
generated transgenic mice that over-express endothelial-specific mutant insulin receptor. These mice
had severe endothelial dysfunction and diminished NO production [80].

ER stress is a common molecular feature in obesity and diabetes that are associated with insulin
resistance. Several studies linked ER stress to impaired insulin signaling [77]. Özcan et al. [11]
demonstrated that ER stress markers were elevated in high fat diet (HFD)-fed and genetically obese
mice. Furthermore, it was shown that the induction of ER stress resulted in insulin resistance by
weakening insulin transduction signal and preventing the phosphorylation of PKB [11]. In another
investigation, it was also shown that ER stress induced insulin resistance through hindering
insulin-stimulated glucose uptake [73]. Two main cellular mechanisms were proposed to link ER
stress response to insulin resistance. The first mechanism is through the activation of IRE-1α branch
of UPR pathway, which leads to the activation of JNK. Activated JNK elicits serine phosphorylation
of insulin receptor substrate (IRS)-1, emanating in its inhibition and, hence, the impairment of the
insulin signaling cascade [74]. The second mechanism is through the other UPR branch, PERK
pathway. ATF-4 activates the transcriptional upregulation of tribbles-like protein 3 (TRB3), a PKB
inhibitory kinase, that ultimately inhibits PKB and causes impairment of insulin signaling response [81].
Furthermore, ER stress activation may contribute to the impairment of insulin signaling through the
accumulation of misfolded pro-insulin and suppression of protein translation of PKB, thereby, blunting
the release of insulin as well as its signaling pathway. It has been observed that heterozygous mice
expressing non-phosphorylable eIF-2α (Ser51 substituted by an alanine) developed diabetes when
fed an HFD and had severely impaired insulin secretion and a defective trafficking of pro-insulin
which accumulated within the ER lumen [82]. The pharmacological activation of ER stress in human
choriocarcinoma JEG-3 cells caused an exaggerated apoptotic response through a mechanism involving
reduced protein translation of PKB rather than an impaired phosphorylation. The effects of ER stress on
JEG-3 cells were reversed by the overexpression of full-length (wild-type) PKB, but not kinase-defective
PKB, indicating the role of ER stress in the translational downregulation of PKB [83].

In obesity, characterized by insulin resistance, ER stress activation was found to be associated with
feto-placental endothelial dysfunction at birth in obese pregnant women [84]. Moreover, plasma
from obese children caused insulin resistance by impairing insulin-stimulated NO production,
a characteristic of endothelial dysfunction, in HUVECs with concomitant activation of ER stress
response. The administration of ER stress chemical chaperones, PBA or TUDCA, reversed endothelial
dysfunction in HUVECs [85]. In obese adults with known endothelial dysfunction, all UPR effectors,
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PERK, IRE-1α, and ATF-6, were activated as measured by quantitative immunofluorescence in
antecubital veins [86]. Overall, these findings support that ER stress is involved in endothelial
dysfunction induced by obesity and is intimately associated with insulin resistance.

ER stress was also found to mediate HFD-induced impairment of insulin-controlled vasodilation
which improved by the treatment of animals with TUDCA [87]. Recently, HFD-induced obesity
was shown to cause ER stress and endothelial dysfunction, where there was an upregulation of the
expression of ER stress markers accompanied with a rise in the expression of vascular endothelial
adhesion molecules and a decrease in the expression of endothelial junction proteins. The alleviation
of ER stress by the treatment of animals with PBA resulted in the protection of endothelial cells from
HFD-induced perturbations and restored normal expression of endothelial adhesion proteins [88].
Furthermore, Agouni et al. [89] reported that the selective deletion of protein tyrosine phosphatase
(PTP)-1B, a protein located on the ER membrane and a negative regulator for insulin receptor, in the
liver protected mice from HFD-induced endothelial dysfunction in the aorta through an improvement
of ER stress response [89]. Because of its key location at the ER membrane, PTP1B was found to
crosstalk with ER stress [90,91].

5.2. ER Stress-Mediated Oxidative Stress

ER stress is intimately associated, in a vicious circle, with oxidative stress, a major contributor to
endothelial dysfunction [34]. The cisternal space of the ER is highly oxidizing compared to the cytosolic
compartment because of the high level of reduced glutathione (GSH) to encourage the establishment
of native disulfide bonds between nascent protein chains [92]. When protein folding takes place
inside the ER, the formation of disulfide bonds requires the oxidization of newly translated proteins
under the action of isomerases. Errors in the proper pairing of cysteine residues between polypeptide
chains generates non-native disulfide bonds, thus, leading to the accumulation of misfolded proteins.
During the normal folding process, electrons are transferred through cysteine molecules in the nascent
polypeptide chains. This transfer of electrons from chains to oxygen to form hydrogen peroxide
(H2O2) is coordinated by the action of specialized isomerases, disulfide isomerase (PDI) and ER
oxidoreductase (ERO)-1α. In conditions of high demand on protein synthesis, such as obesity and
diabetes, an overwhelming formation of non-native disulfide bonds leads to overconsumption of GSH
to scavenge ROS and protect the cell. The depletion of GSH stores in the cell leads to an increase
in oxidative stress [34,92]. ROS were found to inactivate ER isomerases contributing, therefore, to
the pileup of unfolded and misfolded proteins [93]. Protein folding requires adenosine triphosphate
(ATP) and, hence, the buildup of misfolded or unfolded proteins stimulates glucose use and activates
oxidative phosphorylation in mitochondria to generate more ATP with the subsequent generation of
elevated amounts of ROS.

The ER and mitochondria are both physically and physiologically interconnected intracellular
organelles. During, the pro-survival phase of UPR, the relationship between the ER and mitochondria
stimulates ATP synthesis through the shuttling of Ca2+ from the ER through to the mitochondria via
specific structures called mitochondria-associated membranes (MAMs). Under ER stress conditions,
enhanced demand for energy was shown to control the composition and functions of MAMs [94].
PERK-deficient cells were found to have lower MAMs, and to be associated with disturbed shuttling
of Ca2+ from the ER to the mitochondria and reduced susceptibility to ROS-mediated apoptosis [95].
Following the buildup of misfolded proteins inside the ER lumen, large amounts of Ca2+ leak into the
mitochondria through MAMs, which further enhances the production of ROS by the mitochondrial
electron transport chain, owing to the capacity of Ca2+ to diffuse to the inner membrane of mitochondria
and block complex III eventually causing leaks of electrons and production of free radicals [96,97].
Excessive Ca2+ inside the mitochondria leads to further ROS production contributing, thereby, to
endothelial dysfunction [61]. Loss of Ca2+ homeostasis in the ER can, in turn, stimulate further ER
stress and oxidative stress, in a vicious circle, maintaining, therefore, endothelial dysfunction [34].
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Recently, Wu et al. [98] demonstrated the role of ER redox homeostasis in homocysteine-mediated
endothelial dysfunction. Homocysteine induced the expression of ERO-1α, a major contributor to
ER over-oxidation as discussed above, in addition to overexpression of pro-inflammatory molecules
(VCAM-1 and ICAM-1) both in vitro in HUVECs and in vivo in thoracic aortas from mice treated
with homocysteine (acutely injected or chronically treated with homocysteine). The overexpression of
ERO-1α caused by homocysteine was associated with oxidative stress in HUVECs. Homocysteine was
found to stimulate mRNA transcription of ERO-1α by enhancing the interaction of hypoxia-inducible
factor (HIF)-1α with the promoter region of ERO-1α. Furthermore, homocysteine allosterically
activated ERO-1α by reducing the redox state inside the ER through increasing the ratio of
GSH/oxidized glutathione(GSSG) and reducing the expression of PDI. Altogether, the enhanced
expression and activity of ERO-1α lead to excess H2O2, ER stress, inflammation, and, eventually,
endothelial cell dysfunction [98].

Strategies to alleviate oxidative stress were shown to improve ER stress and endothelial
dysfunction in vitro and in vivo. Suganya et al. [99] administered quercetin, a natural
anti-oxidant polyphenolic compound, to diabetic STZ-injected rats. STZ-treated rats had increased
immunoreactivity to CHOP and ET-1, a potent vasoconstrictor used as a marker of endothelial
dysfunction, and decreased expression of the proangiogenic factor VEGF and its receptor (VEGF-R2),
in pancreatic tissues, while animals treated with quercetin were protected [99]. Previously, it
was shown that the induction of heme oxygenase (HO)-1, a cytoprotective anti-oxidant enzyme,
using cobalt-protoporphyrin (CoPP), prevented ER stress-mediated oxidative stress in HUVECs and
promoted cell survival and improved angiogenic capacity [58]. Choy et al. [100] recently reported that
the co-treatment of mice injected with tunicamycin for two weeks with paeonol, a natural anti-oxidant
extracted from the root bark of Paeonia suffruticosa, improved ER stress-mediated ROS production and
NO bioavailability in tunicamycin-injected mice. The beneficial actions of paeonol were similar to
those observed when tunicamycin-treated mice were injected with TUDCA or anti-oxidant, tempol,
further supporting a key role for the crosstalk between ER stress and oxidative stress in endothelial
dysfunction [100].

5.3. ER Stress-Mediated Cellular Inflammation And Apoptosis

When UPR response is unable to clear the protein load inside the ER lumen, both the intrinsic
and extrinsic signaling pathways of apoptosis will be stimulated. Several key cellular mechanisms
involved in cell death response can be triggered by ER stress: I) PERK/eIF-2α-mediated induction of
pro-apoptotic transcription factor CHOP; II) IRE-1α-mediated activation of TRAF2, which stimulates
the ASK-1/JNK signaling cascade, and III) Bax- and Bcl2-induced Ca2+ depletion from ER stores.
CHOP has been identified as a major effector for ER stress-mediated apoptosis [101]. Transcription
targets for CHOP include growth arrest death domain 34 (GADD34), DR5 (TRAIL Receptor-2), a cell
death receptor that activates caspases, and ERO-1α, which hyperoxidizes the ER, thus, exacerbating
the stress condition to an unresolvable state promoting cell death. ERO-1α by activating inositol
triphosphate receptor (IP3R) may cause excess shuttle of Ca2+ from ER stores into the mitochondrial
space, which may result in apoptosis [102]. The activation of GADD34 phosphatase by CHOP will
mediate the dephosphorylation of elF-2α leading, therefore, to the reactivation of protein translation
process [103]. The reactivation of protein translation will, thus, contribute further to the buildup of
misfolded and unfolded proteins inside the ER lumen, while selectively and specifically allowing
the translation of mRNAs encoding pro-apoptotic molecules. CHOP is also capable of inducing
cell death through direct inhibition of anti-apoptotic molecule, Bcl-2 [104] and overexpression of
pro-apoptotic molecule, Bim [48], thus, allowing the mitochondrial release of cytochrome c into
the cytoplasm triggering, therefore, intrinsic apoptotic reaction cascade. Other ER stress-activated
apoptotic mechanisms may include the intrinsic kinase function of IRE-1α which can phosphorylate
and, hence, activate ASK-1, p38 MAPK, and JNK; p38 MAPK is also able to activate CHOP via the
phosphorylation of its transactivation domain [105]. Furthermore, both p38 MAPK and JNK are known
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to phosphorylate and, hence, activate Bim and inhibit Bcl-2 with a net result promoting apoptosis [106]
(Figure 2).
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Figure 2. ER stress-induced apoptotic signaling pathways. Tumor necrosis factor-α receptor associated
factor (TRAF-2) and apoptosis signal-regulating kinase (ASK)-1 are recruited by IRE-1α triggering the
activation of JNK and p38 mitogen-activated protein kinase (MAPK). Activated JNK transfers to the
mitochondrial membrane where it concomitantly activates Bim and inhibits Bcl-2. Active p38 MAPK
will phosphorylate and, hence, activate CHOP, which in turn, stimulates the transcription of genes
involved in apoptosis, such as ER oxidoreductase (ERO)-1α. Bax and Bak also interact and, hence,
activate IRE-1α leading to depletion of Ca2+ ER stores. Via its kinase activity, PERK phosphorylates
the elongation factor, elF-2α, and, hence, reduces general protein translation while allowing selective
translation of specific genes ding JNK and NF-κB, which may activate pro-inflammatory and apoptotic
signals, such as CHOP.

Cellular inflammatory responses activated by ER stress take part in the stress response triggered
by metabolic perturbations induced in obesity and diabetes, and whether this inflammation aids in
the attenuation of ER stress or aid in its progression depends solely on the ER stress severity and
the resistance of the UPR response to be resolved. Several reports indicated that UPR activation is
related to the release of multiple pro-inflammatory factors [107]. All three UPR effectors were shown
to transcriptionally regulate pro-inflammatory signals with IRE-1α being the most prominent of the
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three. This regulation is mainly achieved through the action of transcription factors (e.g., NF-κB and
activator protein-1 (AP-1)) [108] (Figure 3).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 13 of 21 
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Figure 3. Activation of NF-κB by PERK and ATF-6. The activation of the PERK/eIF-2α axis leads
to a severe reduction in protein translation, which decreases the expression levels of IκB protein.
Subsequently, the ratio of NF-κB to IκB increases resulting in NF-κB activation. This is associated with
a preferential increase in ATF-4 translation and synthesis. ATF-4 induces CHOP, which in turn, causes
the induction of the pro-inflammatory cytokine interleukin (IL)-23. The activation of CHOP can also
negatively regulate the activity of NF-κB and JNK, thus, affecting the activity of AP-1 downstream.
The ER stress effector IRE-1α, activates TRAF-2. This activation complex can then activate IκB kinase
(IKK), which in turn, causes IκB degradation and allows free NF-κB to stimulate mRNA expression of
inflammatory genes. IRE-1α/TRAF-2 activates JNK, which consequently phosphorylates and, hence,
activates the transcription factor AP-1. ATF-6 can induce ER stress-mediated inflammation by leaving
the ER and translocating to the Golgi complex to undergo proteolytic cleavage and activation. Active
ATF-6 fragments are able to transcribe APR-associated genes, such as those encoding the acute-phase
proteins (APPs).

NF-κB is a central mediator of pro-inflammatory signals. NF-κB family is composed of
five members of proteins; p65/RelA, RelB, c-Rel, NF-κB1 (p105/p50), and NF-κB2 (p100/p52).
These protein members can either homo- or hetero-dimerize between each other to form active
transcription complexes. In non-activated cells, NF-κB dimers localize in the cytosol where they
interact with inhibitor of κB (IκB). The stimulation of NF-κB is allowed by proteasome-mediated
degradation of IκB facilitating, thus, the translocation of dimers to the nucleus [109]. NF-κB is activated
by all three UPR branches via different routes. The activation of NF-κB stimulates the expression of key
pro-inflammatory cytokines and effector enzymes of the immune response, such as cyclooxygenase
(COX)-2, IL-6, and TNF-α [110,111]. IRE-1α stimulates NF-κB through the degradation of IκB [112].
PERK stimulates NF-κB by blocking protein synthesis of IκB following the phosphorylation of eIF-2α,
which frees NF-κB up, thus, allowing its translocation to the nucleus [111]. IRE-1α also activates AP-1,
another transcription factor controlling inflammatory gene program activation, via the TRAF2/JNK
axis. Genes transcriptionally regulated by AP-1 include for instance TNF-α, keratinocyte growth
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factor (KGF), IL-8, and some cytokine receptors [113]. Furthermore, UPR can activate a complex
inflammatory response referred to as the acute-phase response (APR), which depends on a fine balance
mediated by the qualitative nature of intercellular paracrine and/or autocrine signaling [108]. ATF-6 is
responsible, in most cells, for activating the cascade of events switching on APR [114] (Figure 3).

ER stress-mediated endothelial apoptosis contributes to the impairment of endothelial functions.
HUVECs overexpressing ATF-6 exhibited aggravated ER stress compared to control cells. ATF-6
overexpression enhanced apoptosis in HUVECs through the activation of caspase 3, 9, and 12.
In addition, ATF-6 overexpression increased the levels of CHOP and Bax, while simultaneously
reduced the levels of Bcl-2. To further contribute to the apoptosis inflicted, the overexpression
of ATF-6 upregulated the phosphorylation of JNK (increased p-JNK/JNK ratio) and enhanced the
expression levels NF-κB [115]. Previously, Maamoun et al. [34] observed that the exposure of HUVECs
to intermittent high glucose stimulated ER stress, reduced NO bioavailability and weakened the
capacity of cells to form tube-like structures on a matrigel matrix through a molecular mechanism
involving ER stress-mediated apoptosis. These effects were prevented in the presence of PBA and
when cells were treated with a chemical inducer of HO-1, an important inducible anti-oxidant and
anti-inflammatory enzyme [34], further highlighting the contribution of ER stress-mediated oxidative
stress and apoptosis in endothelial cell dysfunction [58]. Bhatta et al. [116] investigated ER stress
activation in bone marrow-derived early outgrowth cells (EOCs) treated with high glucose and EOCs
from db/db diabetic mice and found a significant elevation of ER stress markers compared to controls.
In addition, angiogenesis was impaired in EOCs treated with high glucose as shown by the reduction
in colony formation, increased apoptosis and decreased migration; all of which were alleviated by
pre-treatment of cells with PBA [116].

6. Clinical Utility of Targeting ER Stress

Tremendous effort was spent in recent years to develop new small molecules to improve ER
homeostasis and reduce ER stress. Most notably, chemical chaperones, PBA and TUDCA, which
are both approved by Food and Drug Administration (FDA), were extensively used in the literature
to enhance ER protein folding capacity both in vitro and in vivo and were found to be effective in
improving glucose metabolism, insulin response, endothelial dysfunction, and cardiovascular function
in obesity and diabetes [117].

Several modulators targeting the different branches of UPR are now available [117]. Some small
molecules were reported for their ability to stimulate the expression of BiP in animals. For instance,
valproic acid, a drug approved for the treatment of epilepsy and bipolar disorder, was reported to
protect epithelial cells of the retina from apoptosis in a mouse model of ischemia/reperfusion by
enhancing the expression of BiP and concomitantly reducing CHOP expression and activation of
capsapse 12 [118]. Some FDA-approved anti-hypertensive drugs were also found to protect against
ER stress. Guanabenz, an agonist at α2-adrenergic receptors, was found to prolong the activation of
eIF-2α by preventing its dephosphorylation via selective inhibition of phosphatase GADD34 [119].
Telmisartan, an angII type-1 receptor blocker, was reported to block apoptotic response mediated by
the IRE-1α/TRAF2/caspase 12 axis [120]. Olmesartan is another angII type-1 receptor antagonist
that was reported to improve ER stress, oxidative stress, and cellular inflammation. The treatment
of STZ-injected diabetic rats with olmesartan prevented ER stress-mediated apoptosis in the kidneys
via a mechanism involving the interaction between angII type-1 receptor and CHOP/JNK/caspase
12 axis [121]. Small molecule inhibitors targeting ER membrane-bound effectors of UPR are also
available [117]. For instance, kinase inhibiting RNase attenuator 6 (KIRA6) is a potent, competitive,
reversible, and selective inhibitor of the kinase activity IRE-1α that was shown to prevent the
dimerization and, hence, activation of IRE-1α and to protect cells from cell death under ER stress
conditions. The treatment of Akita diabetic mice with KIRA6 reduced ER stress-mediated apoptosis of
β-cell islets of Langerhans [122].
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Several studies have also reported beneficial actions of some plant-derived compounds on ER
stress [117]. Oleanolic acid, a natural compound found in certain plants, was shown to reduce
both oxidative stress and ER stress in type-2 diabetic rats and to stimulate the expression of nuclear
factor-like 2 (Nrf2) and its target anti-oxidant genes, thereby, contributing to reducing oxidative stress,
suggesting a protective role for oleanolic acid against ER stress-mediated complications associated
with diabetes [123]. Quercetin, an anti-oxidant flavonoid found in many plants, is another example of
natural products found to reduce the activation of ER stress. Quercetin was found to blunt protein
expression of BiP in LS180 cells treated with thapsigargin to stimulate ER stress, in addition to the
inactivation of UPR sensors, IRE-1α and PERK [124]. Furthermore, quercetin, was reported to reduce
the activation of ER stress in HUVECs treated with tunicamycin [125].

7. Conclusions

Much evidence from both animal and human studies support a key role for the activation of ER
stress in the onset and progression of atherosclerosis and other cardiovascular alterations associated
with obesity and diabetes. ER stress response is now recognized as a converging molecular link
which connects insulin resistance, lipid metabolism disturbances, cell death, and oxidative stress to
endothelial dysfunction. Therefore, targeting UPR response pharmacologically represents a promising
therapeutic strategy to manage and prevent the development of atherosclerosis in obesity and diabetes.

Author Contributions: A.A. conceptualized the idea. A.A., H.M., and S.S.A. wrote the manuscript and constructed
the figures. H.M.K., and A.Z. contributed to the writing of selected sections. All authors contributed to the
drafting of the manuscript and its critical revision for intellectual content. A.A. coordinated the writing and the
submission process. All authors approved the final version for submission.

Funding: This publication was supported by Qatar University internal grants No. QUCG-CPH-2018\2019-2,
QUST-1-CPH-2018-1 and QUST-1-CPH-2018-2 to A.A. The findings achieved herein are solely the responsibility
of the authors. The publication of this article was funded by Qatar National Library.

Acknowledgments: The figures in this article were partly produced by adapting freely available tools from
Servier Medical Art (SMART), that are licensed under a Creative Commons Attribution 3.0 Unported License
https://creativecommons.org/licenses/by/3.0/. This work is partly extracted from the doctoral thesis of H.M.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mandviwala, T.; Khalid, U.; Deswal, A. Obesity and Cardiovascular Disease: A Risk Factor or a Risk Marker?
Curr. Atheroscler. Rep. 2016, 18, 21. [CrossRef]

2. Navarro Díaz, M. Consequences of morbid obesity on the kidney. Where are we going? Clin. Kidney J. 2016,
9, 782–787. [CrossRef] [PubMed]

3. Schalkwijk, C.G.; Stehouwer, C.D.A. Vascular complications in diabetes mellitus: The role of endothelial
dysfunction. Clin. Sci. 2005, 109, 143–159. [CrossRef]

4. Csige, I.; Ujvarosy, D.; Szabo, Z.; Lorincz, I.; Paragh, G.; Harangi, M.; Somodi, S. The Impact of Obesity on
the Cardiovascular System. J. Diabetes Res. 2018, 2018, 3407306. [CrossRef] [PubMed]

5. McGill, H.C., Jr.; McMahan, C.A.; Herderick, E.E.; Zieske, A.W.; Malcom, G.T.; Tracy, R.E.; Strong, J.P.;
Pathobiological Determinants of Atherosclerosis in Youth Research Group. Obesity accelerates the
progression of coronary atherosclerosis in young men. Circulation 2002, 105, 2712–2718. [CrossRef]

6. Chawla, A.; Chawla, R.; Jaggi, S. Microvasular and macrovascular complications in diabetes mellitus:
Distinct or continuum? Indian J. Endocrinol. Metab. 2016, 20, 546–551. [CrossRef]

7. WHO. DIABETES; WHO: Geneva, Switzerland, 2018.
8. IDF Diabetes Atlas, 8th ed.; International Diabetes Federation: Brussels, Belgium, 2017.
9. Liu, J.; Liu, Z. Muscle Insulin Resistance and the Inflamed Microvasculature: Fire from Within. Int. J. Mol. Sci.

2019, 20, 562. [CrossRef] [PubMed]
10. Cersosimo, E.; DeFronzo, R.A. Insulin resistance and endothelial dysfunction: The road map to

cardiovascular diseases. Diabetes/Metab. Res. Rev. 2006, 22, 423–436. [CrossRef]

https://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1007/s11883-016-0575-4
http://dx.doi.org/10.1093/ckj/sfw094
http://www.ncbi.nlm.nih.gov/pubmed/27994854
http://dx.doi.org/10.1042/CS20050025
http://dx.doi.org/10.1155/2018/3407306
http://www.ncbi.nlm.nih.gov/pubmed/30525052
http://dx.doi.org/10.1161/01.CIR.0000018121.67607.CE
http://dx.doi.org/10.4103/2230-8210.183480
http://dx.doi.org/10.3390/ijms20030562
http://www.ncbi.nlm.nih.gov/pubmed/30699907
http://dx.doi.org/10.1002/dmrr.634


Int. J. Mol. Sci. 2019, 20, 1658 16 of 21

11. Özcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.-H.; Iwakoshi, N.N.; Özdelen, E.; Tuncman, G.; Görgün, C.;
Glimcher, L.H.; Hotamisligil, G.S. Endoplasmic Reticulum Stress Links Obesity, Insulin Action, and Type 2
Diabetes. Science 2004, 306, 457–461. [CrossRef]

12. Özcan, U.; Yilmaz, E.; Özcan, L.; Furuhashi, M.; Vaillancourt, E.; Smith, R.O.; Görgün, 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]

13. Flamment, M.; Hajduch, E.; Ferré, P.; Foufelle, F. New insights into ER stress-induced insulin resistance.
Trends Endocrinol. Metab. 2012, 23, 381–390. [CrossRef]

14. Galán, M.; Kassan, M.; Choi, S.-K.; Partyka, M.; Trebak, M.; Henrion, D.; Matrougui, K. A Novel Role for
Epidermal Growth Factor Receptor Tyrosine Kinase and Its Downstream Endoplasmic Reticulum Stress in
Cardiac Damage and Microvascular Dysfunction in Type 1 Diabetes Mellitus. Hypertension 2012, 60, 71–80.
[CrossRef]

15. Kassan, M.; Galán, M.; Partyka, M.; Saifudeen, Z.; Henrion, D.; Trebak, M.; Matrougui, K. Endoplasmic
Reticulum Stress Is Involved in Cardiac Damage and Vascular Endothelial Dysfunction in Hypertensive
Mice. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1652–1661. [CrossRef] [PubMed]

16. Schröder, M. The unfolded protein response. Mol. Biotechnol. 2006, 34, 279–290. [CrossRef]
17. Marciniak, S.J.; Ron, D. Endoplasmic Reticulum Stress Signaling in Disease. Physiol. Rev. 2006, 86, 1133–1149.

[CrossRef]
18. Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I.

The Vascular Endothelium and Human Diseases. Int. J. Biol. Sci. 2013, 9, 1057–1069. [CrossRef] [PubMed]
19. Cines, D.B.; Pollak, E.S.; Buck, C.A.; Loscalzo, J.; Zimmerman, G.A.; McEver, R.P.; Pober, J.S.; Wick, T.M.;

Konkle, B.A.; Schwartz, B.S.; et al. Endothelial Cells in Physiology and in the Pathophysiology of Vascular
Disorders. Blood 1998, 91, 3527–3561. [PubMed]

20. Zhang, H.-N.; Xu, Q.-Q.; Thakur, A.; Alfred, M.O.; Chakraborty, M.; Ghosh, A.; Yu, X.-B. Endothelial
dysfunction in diabetes and hypertension: Role of microRNAs and long non-coding RNAs. Life Sci. 2018,
213, 258–268. [CrossRef] [PubMed]

21. Khazaei, M.; Moien-Afshari, F.; Laher, I. Vascular endothelial function in health and diseases. Pathophysiology
2008, 15, 49–67. [CrossRef] [PubMed]

22. Jamwal, S.; Sharma, S. Vascular endothelium dysfunction: A conservative target in metabolic disorders.
Inflamm. Res. 2018, 67, 391–405. [CrossRef]

23. Tronc, F.; Wassef, M.; Esposito, B.; Henrion, D.; Glagov, S.; Tedgui, A. Role of NO in flow-induced remodeling
of the rabbit common carotid artery. Arterioscler. Thromb. Vasc. Biol. 1996, 16, 1256–1262. [CrossRef]
[PubMed]

24. Galley, H.F.; Webster, N.R. Physiology of the endothelium. Br. J. Anaesth. 2004, 93, 105–113. [CrossRef]
[PubMed]

25. Bohm, F.; Pernow, J. The importance of endothelin-1 for vascular dysfunction in cardiovascular disease.
Cardiovasc. Res. 2007, 76, 8–18. [CrossRef] [PubMed]

26. Granger, J.P.; Spradley, F.T.; Bakrania, B.A. The Endothelin System: A Critical Player in the Pathophysiology
of Preeclampsia. Curr. Hypertens. Rep. 2018, 20, 32. [CrossRef]

27. Varin, R.; Mulder, P.; Tamion, F.; Richard, V.; Henry, J.P.; Lallemand, F.; Lerebours, G.; Thuillez, C.
Improvement of endothelial function by chronic angiotensin-converting enzyme inhibition in heart failure:
Role of nitric oxide, prostanoids, oxidant stress, and bradykinin. Circulation 2000, 102, 351–356. [CrossRef]
[PubMed]

28. Feletou, M.; Huang, Y.; Vanhoutte, P.M. Endothelium-mediated control of vascular tone: COX-1 and COX-2
products. Br. J. Pharmacol. 2011, 164, 894–912. [CrossRef] [PubMed]

29. Wong, S.L.; Wong, W.T.; Tian, X.Y.; Lau, C.W.; Huang, Y. Prostaglandins in action indispensable roles of
cyclooxygenase-1 and -2 in endothelium-dependent contractions. Adv. Pharmacol. 2010, 60, 61–83. [CrossRef]
[PubMed]

30. Lubrano, V.; Balzan, S. Roles of LOX-1 in microvascular dysfunction. Microvasc. Res. 2016, 105, 132–140.
[CrossRef] [PubMed]

31. Johnson, K.E.; Wilgus, T.A. Vascular Endothelial Growth Factor and Angiogenesis in the Regulation of
Cutaneous Wound Repair. Adv. Wound Care 2014, 3, 647–661. [CrossRef] [PubMed]

32. Michiels, C. Endothelial cell functions. J. Cell. Physiol. 2003, 196, 430–443. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1103160
http://dx.doi.org/10.1126/science.1128294
http://dx.doi.org/10.1016/j.tem.2012.06.003
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.192500
http://dx.doi.org/10.1161/ATVBAHA.112.249318
http://www.ncbi.nlm.nih.gov/pubmed/22539597
http://dx.doi.org/10.1385/MB:34:2:279
http://dx.doi.org/10.1152/physrev.00015.2006
http://dx.doi.org/10.7150/ijbs.7502
http://www.ncbi.nlm.nih.gov/pubmed/24250251
http://www.ncbi.nlm.nih.gov/pubmed/9572988
http://dx.doi.org/10.1016/j.lfs.2018.10.028
http://www.ncbi.nlm.nih.gov/pubmed/30342074
http://dx.doi.org/10.1016/j.pathophys.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18434105
http://dx.doi.org/10.1007/s00011-018-1129-8
http://dx.doi.org/10.1161/01.ATV.16.10.1256
http://www.ncbi.nlm.nih.gov/pubmed/8857922
http://dx.doi.org/10.1093/bja/aeh163
http://www.ncbi.nlm.nih.gov/pubmed/15121728
http://dx.doi.org/10.1016/j.cardiores.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17617392
http://dx.doi.org/10.1007/s11906-018-0828-4
http://dx.doi.org/10.1161/01.CIR.102.3.351
http://www.ncbi.nlm.nih.gov/pubmed/10899101
http://dx.doi.org/10.1111/j.1476-5381.2011.01276.x
http://www.ncbi.nlm.nih.gov/pubmed/21323907
http://dx.doi.org/10.1016/B978-0-12-385061-4.00003-9
http://www.ncbi.nlm.nih.gov/pubmed/21081215
http://dx.doi.org/10.1016/j.mvr.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26907636
http://dx.doi.org/10.1089/wound.2013.0517
http://www.ncbi.nlm.nih.gov/pubmed/25302139
http://dx.doi.org/10.1002/jcp.10333
http://www.ncbi.nlm.nih.gov/pubmed/12891700


Int. J. Mol. Sci. 2019, 20, 1658 17 of 21

33. Cade, W.T. Diabetes-related microvascular and macrovascular diseases in the physical therapy setting.
Phys. Ther. 2008, 88, 1322–1335. [CrossRef]

34. Maamoun, H.; Benameur, T.; Pintus, G.; Munusamy, S.; Agouni, A. Crosstalk Between Oxidative Stress and
Endoplasmic Reticulum (ER) Stress in Endothelial Dysfunction and Aberrant Angiogenesis Associated With
Diabetes: A Focus on the Protective Roles of Heme Oxygenase (HO)-1. Front. Physiol. 2019, 10, 70. [CrossRef]
[PubMed]

35. Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and
reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases.
Vasc. Pharmacol. 2018, 100, 1–19. [CrossRef] [PubMed]

36. Chaudhari, N.; Talwar, P.; Parimisetty, A.; Lefebvre d’Hellencourt, C.; Ravanan, P. A molecular web:
Endoplasmic reticulum stress, inflammation, and oxidative stress. Front. Cell. Neurosci. 2014, 8, 213.
[CrossRef] [PubMed]

37. Ghemrawi, R.; Battaglia-Hsu, S.-F.; Arnold, C. Endoplasmic Reticulum Stress in Metabolic Disorders. Cells
2018, 7, 63. [CrossRef] [PubMed]

38. Schwarz, D.S.; Blower, M.D. The endoplasmic reticulum: Structure, function and response to cellular
signaling. Cell. Mol. Life Sci. CMLS 2016, 73, 79–94. [CrossRef]

39. Pandey, V.K.; Mathur, A.; Kakkar, P. Emerging role of Unfolded Protein Response (UPR) mediated proteotoxic
apoptosis in diabetes. Life Sci. 2019, 216, 246–258. [CrossRef] [PubMed]

40. Battson, M.L.; Lee, D.M.; Gentile, C.L. Endoplasmic reticulum stress and the development of endothelial
dysfunction. Am. J. Physiol.-Heart Circ. Physiol. 2017, 312, H355–H367. [CrossRef] [PubMed]

41. Minamino, T.; Komuro, I.; Kitakaze, M. Endoplasmic Reticulum Stress As a Therapeutic Target in
Cardiovascular Disease. Circ. Res. 2010, 107, 1071–1082. [CrossRef]

42. Hu, M.; Phan, F.; Bourron, O.; Ferre, P.; Foufelle, F. Steatosis and NASH in type 2 diabetes. Biochimie 2017,
143, 37–41. [CrossRef]

43. Bailey, D.; O’Hare, P. Transmembrane bZIP transcription factors in ER stress signaling and the unfolded
protein response. Antioxid. Redox Signal. 2007, 9, 2305–2321. [CrossRef] [PubMed]

44. Bailey, D.; Barreca, C.; O’Hare, P. Trafficking of the bZIP transmembrane transcription factor CREB-H into
alternate pathways of ERAD and stress-regulated intramembrane proteolysis. Traffic 2007, 8, 1796–1814.
[CrossRef] [PubMed]

45. Hassler, J.; Cao, S.S.; Kaufman, R.J. IRE1, a double-edged sword in pre-miRNA slicing and cell death.
Dev. Cell 2012, 23, 921–923. [CrossRef] [PubMed]

46. Ron, D.; Hubbard, S.R. How IRE1 reacts to ER stress. Cell 2008, 132, 24–26. [CrossRef]
47. Lei, K.; Davis, R.J. JNK phosphorylation of Bim-related members of the Bcl2 family induces Bax-dependent

apoptosis. Proc. Natl. Acad. Sci. USA 2003, 100, 2432–2437. [CrossRef]
48. 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]

49. Civelek, M.; Manduchi, E.; Riley, R.J.; Stoeckert, C.J., Jr.; Davies, P.F. Chronic endoplasmic reticulum stress
activates unfolded protein response in arterial endothelium in regions of susceptibility to atherosclerosis.
Circ. Res. 2009, 105, 453–461. [CrossRef] [PubMed]

50. Zeng, L.; Zampetaki, A.; Margariti, A.; Pepe, A.E.; Alam, S.; Martin, D.; Xiao, Q.; Wang, W.; Jin, Z.-G.;
Cockerill, G.; et al. Sustained activation of XBP1 splicing leads to endothelial apoptosis and atherosclerosis
development in response to disturbed flow. Proc. Natl. Acad. Sci. USA 2009, 106, 8326–8331. [CrossRef]

51. Kim, S.; Woo, C.-H. Laminar Flow Inhibits ER Stress-Induced Endothelial Apoptosis through
PI3K/Akt-Dependent Signaling Pathway. Mol. Cells 2018, 41, 964–970. [CrossRef] [PubMed]

52. Yang, J.; Xu, J.; Danniel, M.; Wang, X.; Wang, W.; Zeng, L.; Shen, L. The interaction between XBP1 and eNOS
contributes to endothelial cell migration. Exp. Cell Res. 2018, 363, 262–270. [CrossRef]

53. Frakes, A.E.; Dillin, A. The UPR(ER): Sensor and Coordinator of Organismal Homeostasis. Mol. Cell 2017, 66,
761–771. [CrossRef]

54. Lenna, S.; Townsend, D.M.; Tan, F.K.; Kapanadze, B.; Markiewicz, M.; Trojanowska, M.; Scorza, R. HLA-B35
upregulates endothelin-1 and downregulates endothelial nitric oxide synthase via endoplasmic reticulum
stress response in endothelial cells. J. Immunol. 2010, 184, 4654–4661. [CrossRef]

http://dx.doi.org/10.2522/ptj.20080008
http://dx.doi.org/10.3389/fphys.2019.00070
http://www.ncbi.nlm.nih.gov/pubmed/30804804
http://dx.doi.org/10.1016/j.vph.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579545
http://dx.doi.org/10.3389/fncel.2014.00213
http://www.ncbi.nlm.nih.gov/pubmed/25120434
http://dx.doi.org/10.3390/cells7060063
http://www.ncbi.nlm.nih.gov/pubmed/29921793
http://dx.doi.org/10.1007/s00018-015-2052-6
http://dx.doi.org/10.1016/j.lfs.2018.11.041
http://www.ncbi.nlm.nih.gov/pubmed/30471281
http://dx.doi.org/10.1152/ajpheart.00437.2016
http://www.ncbi.nlm.nih.gov/pubmed/27923788
http://dx.doi.org/10.1161/CIRCRESAHA.110.227819
http://dx.doi.org/10.1016/j.biochi.2017.10.019
http://dx.doi.org/10.1089/ars.2007.1796
http://www.ncbi.nlm.nih.gov/pubmed/17887918
http://dx.doi.org/10.1111/j.1600-0854.2007.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/17875199
http://dx.doi.org/10.1016/j.devcel.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23153490
http://dx.doi.org/10.1016/j.cell.2007.12.017
http://dx.doi.org/10.1073/pnas.0438011100
http://dx.doi.org/10.1016/j.cell.2007.04.027
http://dx.doi.org/10.1161/CIRCRESAHA.109.203711
http://www.ncbi.nlm.nih.gov/pubmed/19661457
http://dx.doi.org/10.1073/pnas.0903197106
http://dx.doi.org/10.14348/molcells.2018.0111
http://www.ncbi.nlm.nih.gov/pubmed/30396238
http://dx.doi.org/10.1016/j.yexcr.2018.01.016
http://dx.doi.org/10.1016/j.molcel.2017.05.031
http://dx.doi.org/10.4049/jimmunol.0903188


Int. J. Mol. Sci. 2019, 20, 1658 18 of 21

55. Spitler, K.M.; Matsumoto, T.; Webb, R.C. Suppression of endoplasmic reticulum stress improves
endothelium-dependent contractile responses in aorta of the spontaneously hypertensive rat. Am. J.
Physiol.-Heart Circ. Physiol. 2013, 305, H344–H353. [CrossRef]

56. Galán, M.; Kassan, M.; Kadowitz, P.J.; Trebak, M.; Belmadani, S.; Matrougui, K. Mechanism of endoplasmic
reticulum stress-induced vascular endothelial dysfunction. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2014,
1843, 1063–1075. [CrossRef]

57. Walsh, L.K.; Restaino, R.M.; Neuringer, M.; Manrique, C.; Padilla, J. Administration of tauroursodeoxycholic
acid prevents endothelial dysfunction caused by an oral glucose load. Clin. Sci. 2016, 130, 1881–1888.
[CrossRef]

58. Maamoun, H.; Zachariah, M.; McVey, J.H.; Green, F.R.; Agouni, A. Heme oxygenase (HO)-1 induction
prevents Endoplasmic Reticulum stress-mediated endothelial cell death and impaired angiogenic capacity.
Biochem. Pharmacol. 2017, 127, 46–59. [CrossRef]

59. Yu, W.; Liu, X.; Feng, L.; Yang, H.; Yu, W.; Feng, T.; Wang, S.; Wang, J.; Liu, N. Glycation of paraoxonase 1 by
high glucose instigates endoplasmic reticulum stress to induce endothelial dysfunction in vivo. Sci. Rep.
2017, 7, 45827. [CrossRef]

60. Choi, S.-K.; Lim, M.; Byeon, S.-H.; Lee, Y.-H. Inhibition of endoplasmic reticulum stress improves coronary
artery function in the spontaneously hypertensive rats. Sci. Rep. 2016, 6, 31925. [CrossRef]

61. Dong, Y.; Fernandes, C.; Liu, Y.; Wu, Y.; Wu, H.; Brophy, M.L.; Deng, L.; Song, K.; Wen, A.; Wong, S.; et al.
Role of endoplasmic reticulum stress signalling in diabetic endothelial dysfunction and atherosclerosis.
Diabetes Vasc. Dis. Res. 2017, 14, 14–23. [CrossRef]

62. 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]

63. 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]

64. Nakamura, T.; Furuhashi, M.; Li, P.; Cao, H.; Tuncman, G.; Sonenberg, N.; Gorgun, C.Z.; Hotamisligil, G.S.
Double-stranded RNA-dependent protein kinase links pathogen sensing with stress and metabolic
homeostasis. Cell 2010, 140, 338–348. [CrossRef]

65. Erbay, E.; Babaev, V.R.; Mayers, J.R.; Makowski, L.; Charles, K.N.; Snitow, M.E.; Fazio, S.; Wiest, M.M.;
Watkins, S.M.; Linton, M.F.; et al. Reducing endoplasmic reticulum stress through a macrophage lipid
chaperone alleviates atherosclerosis. Nat. Med. 2009, 15, 1383–1391. [CrossRef]

66. Tufanli, O.; Telkoparan Akillilar, P.; Acosta-Alvear, D.; Kocaturk, B.; Onat, U.I.; Hamid, S.M.; Cimen, I.;
Walter, P.; Weber, C.; Erbay, E. Targeting IRE1 with small molecules counteracts progression of atherosclerosis.
Proc. Natl. Acad. Sci. USA 2017, 114, E1395–E1404. [CrossRef]

67. Theodorou, K.; Boon, R.A. Endothelial Cell Metabolism in Atherosclerosis. Front. Cell Dev. Biol. 2018, 6, 82.
[CrossRef]

68. Sun, Y.; Zhang, D.; Liu, X.; Li, X.; Liu, F.; Yu, Y.; Jia, S.; Zhou, Y.; Zhao, Y. Endoplasmic Reticulum
Stress Affects Lipid Metabolism in Atherosclerosis Via CHOP Activation and Over-Expression of miR-33.
Cell. Physiol. Biochem. 2018, 48, 1995–2010. [CrossRef]

69. Tian, H.; Li, Y.; Kang, P.; Wang, Z.; Yue, F.; Jiao, P.; Yang, N.; Qin, S.; Yao, S. Endoplasmic reticulum
stress-dependent autophagy inhibits glycated high-density lipoprotein-induced macrophage apoptosis by
inhibiting CHOP pathway. J. Cell. Mol. Med. 2019. [CrossRef]

70. Li, H.; Han, Y.; Qi, R.; Wang, Y.; Zhang, X.; Yu, M.; Tang, Y.; Wang, M.; Shu, Y.N.; Huang, W.; et al.
Aggravated restenosis and atherogenesis in ApoCIII transgenic mice but lack of protection in ApoCIII
knockouts: The effect of authentic triglyceride-rich lipoproteins with and without ApoCIII. Cardiovasc. Res.
2015, 107, 579–589. [CrossRef]

71. Yingchun, H.; Yahong, M.; Jiangping, W.; Xiaokui, H.; Xiaohong, Z. Increased inflammation, endoplasmic
reticulum stress and oxidative stress in endothelial and macrophage cells exacerbate atherosclerosis in
ApoCIII transgenic mice. Lipids Health Dis. 2018, 17, 220. [CrossRef]

72. Xu, C.; Bailly-Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions.
J. Clin. Investig. 2005, 115, 2656–2664. [CrossRef]

http://dx.doi.org/10.1152/ajpheart.00952.2012
http://dx.doi.org/10.1016/j.bbamcr.2014.02.009
http://dx.doi.org/10.1042/CS20160501
http://dx.doi.org/10.1016/j.bcp.2016.12.009
http://dx.doi.org/10.1038/srep45827
http://dx.doi.org/10.1038/srep31925
http://dx.doi.org/10.1177/1479164116666762
http://dx.doi.org/10.1161/ATVBAHA.110.206094
http://dx.doi.org/10.1161/01.CIR.0000160864.31351.C1
http://dx.doi.org/10.1016/j.cell.2010.01.001
http://dx.doi.org/10.1038/nm.2067
http://dx.doi.org/10.1073/pnas.1621188114
http://dx.doi.org/10.3389/fcell.2018.00082
http://dx.doi.org/10.1159/000492522
http://dx.doi.org/10.1111/jcmm.14203
http://dx.doi.org/10.1093/cvr/cvv192
http://dx.doi.org/10.1186/s12944-018-0867-5
http://dx.doi.org/10.1172/JCI26373


Int. J. Mol. Sci. 2019, 20, 1658 19 of 21

73. Panzhinskiy, E.; Hua, Y.; Culver, B.; Ren, J.; Nair, S. Endoplasmic reticulum stress upregulates protein
tyrosine phosphatase 1B and impairs glucose uptake in cultured myotubes. Diabetologia 2013, 56, 598–607.
[CrossRef] [PubMed]

74. Andreozzi, F.; Laratta, E.; Procopio, C.; Hribal, M.L.; Sciacqua, A.; Perticone, M.; Miele, C.; Perticone, F.;
Sesti, G. Interleukin-6 impairs the insulin signaling pathway, promoting production of nitric oxide in human
umbilical vein endothelial cells. Mol. Cell. Biol. 2007, 27, 2372–2383. [CrossRef] [PubMed]

75. 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]

76. Petersen, M.C.; Shulman, G.I. Mechanisms of Insulin Action and Insulin Resistance. Physiol. Rev. 2018, 98,
2133–2223. [CrossRef]

77. Yaribeygi, H.; Farrokhi, F.R.; Butler, A.E.; Sahebkar, A. Insulin resistance: Review of the underlying molecular
mechanisms. J. Cell. Physiol. 2019, 234, 8152–8161. [CrossRef]

78. Maria Assunta, P.; Sara, G.; Carmela, N.; Maria Rosaria, C.; Monica, M. Endothelial Dysfunction in Diabetes:
From Mechanisms to Therapeutic Targets. Curr. Med. Chem. 2009, 16, 94–112. [CrossRef]

79. Okon, E.B.; Chung, A.W.Y.; Rauniyar, P.; Padilla, E.; Tejerina, T.; McManus, B.M.; Luo, H.; van Breemen, C.
Compromised Arterial Function in Human Type 2 Diabetic Patients. Diabetes 2005, 54, 2415–2423. [CrossRef]

80. Duncan, E.R.; Crossey, P.A.; Walker, S.; Anilkumar, N.; Poston, L.; Douglas, G.; Ezzat, V.A.; Wheatcroft, S.B.;
Shah, A.M.; Kearney, M.I. Effect of Endothelium-Specific Insulin Resistance on Endothelial Function In Vivo.
Diabetes 2008, 57, 3307–3314. [CrossRef] [PubMed]

81. Villalobos-Labra, R.; Subiabre, M.; Toledo, F.; Pardo, F.; Sobrevia, L. Endoplasmic reticulum stress
and development of insulin resistance in adipose, skeletal, liver, and foetoplacental tissue in diabesity.
Mol. Asp. Med. 2018. [CrossRef] [PubMed]

82. Scheuner, D.; Vander Mierde, D.; Song, B.; Flamez, D.; Creemers, J.W.; Tsukamoto, K.; Ribick, M.; Schuit, F.C.;
Kaufman, R.J. Control of mRNA translation preserves endoplasmic reticulum function in beta cells and
maintains glucose homeostasis. Nat. Med. 2005, 11, 757–764. [CrossRef]

83. Yung, H.W.; Korolchuk, S.; Tolkovsky, A.M.; Charnock-Jones, D.S.; Burton, G.J. Endoplasmic reticulum stress
exacerbates ischemia-reperfusion-induced apoptosis through attenuation of Akt protein synthesis in human
choriocarcinoma cells. FASEB J. 2007, 21, 872–884. [CrossRef]

84. Villalobos-Labra, R.; Saez, P.J.; Subiabre, M.; Silva, L.; Toledo, F.; Westermeier, F.; Pardo, F.; Farias, M.;
Sobrevia, L. Pre-pregnancy maternal obesity associates with endoplasmic reticulum stress in human umbilical
vein endothelium. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3195–3210. [CrossRef]

85. Di Pietro, N.; Marcovecchio, M.L.; Di Silvestre, S.; de Giorgis, T.; Cordone, V.G.P.; Lanuti, P.; Chiarelli, F.;
Bologna, G.; Mohn, A.; Pandolfi, A. Plasma from pre-pubertal obese children impairs insulin stimulated
Nitric Oxide (NO) bioavailability in endothelial cells: Role of ER stress. Mol. Cell. Endocrinol. 2017, 443,
52–62. [CrossRef]

86. Seals, D.R.; Chung, E.; Kaplon, R.E.; Cox-York, K.; Reese, L.; Gentile, C.L. Activation of the Unfolded Protein
Response in Vascular Endothelial Cells of Nondiabetic Obese Adults. J. Clin. Endocrinol. Metab. 2013, 98,
E1505–E1509. [CrossRef]

87. Kim, J.-A.; Jang, H.-J.; Hwang, D.H. Toll-like receptor 4-induced endoplasmic reticulum stress contributes
to impairment of vasodilator action of insulin. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E767–E776.
[CrossRef]

88. Shah, D.; Romero, F.; Guo, Z.; Sun, J.; Li, J.; Kallen, C.B.; Naik, U.P.; Summer, R. Obesity-Induced Endoplasmic
Reticulum Stress Causes Lung Endothelial Dysfunction and Promotes Acute Lung Injury. Am. J. Respir. Cell
Mol. Biol. 2017, 57, 204–215. [CrossRef]

89. Agouni, A.; Tual-Chalot, S.; Chalopin, M.; Duluc, L.; Mody, N.; Martinez, M.C.; Andriantsitohaina, R.;
Delibegovic, M. Hepatic protein tyrosine phosphatase 1B (PTP1B) deficiency protects against obesity-induced
endothelial dysfunction. Biochem. Pharmacol. 2014, 92, 607–617. [CrossRef]

90. Agouni, A.; Mody, N.; Owen, C.; Czopek, A.; Zimmer, D.; Bentires-Alj, M.; Bence, K.K.; Delibegovic, M.
Liver-specific deletion of protein tyrosine phosphatase (PTP) 1B improves obesity- and pharmacologically
induced endoplasmic reticulum stress. Biochem. J. 2011, 438, 369–378. [CrossRef]

91. Owen, C.; Lees, E.K.; Grant, L.; Zimmer, D.J.; Mody, N.; Bence, K.K.; Delibegovic, M. Inducible liver-specific
knockdown of protein tyrosine phosphatase 1B improves glucose and lipid homeostasis in adult mice.
Diabetologia 2013, 56, 2286–2296. [CrossRef]

http://dx.doi.org/10.1007/s00125-012-2782-z
http://www.ncbi.nlm.nih.gov/pubmed/23178931
http://dx.doi.org/10.1128/MCB.01340-06
http://www.ncbi.nlm.nih.gov/pubmed/17242212
http://dx.doi.org/10.1016/j.biocel.2007.05.002
http://dx.doi.org/10.1152/physrev.00063.2017
http://dx.doi.org/10.1002/jcp.27603
http://dx.doi.org/10.2174/092986709787002853
http://dx.doi.org/10.2337/diabetes.54.8.2415
http://dx.doi.org/10.2337/db07-1111
http://www.ncbi.nlm.nih.gov/pubmed/18835939
http://dx.doi.org/10.1016/j.mam.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30472165
http://dx.doi.org/10.1038/nm1259
http://dx.doi.org/10.1096/fj.06-6054com
http://dx.doi.org/10.1016/j.bbadis.2018.07.007
http://dx.doi.org/10.1016/j.mce.2017.01.001
http://dx.doi.org/10.1210/jc.2013-1841
http://dx.doi.org/10.1152/ajpendo.00369.2015
http://dx.doi.org/10.1165/rcmb.2016-0310OC
http://dx.doi.org/10.1016/j.bcp.2014.10.008
http://dx.doi.org/10.1042/BJ20110373
http://dx.doi.org/10.1007/s00125-013-2992-z


Int. J. Mol. Sci. 2019, 20, 1658 20 of 21

92. Van der Vlies, D.; Makkinje, M.; Jansens, A.; Braakman, I.; Verkleij, A.J.; Wirtz, K.W.; Post, J.A. Oxidation
of ER resident proteins upon oxidative stress: Effects of altering cellular redox/antioxidant status and
implications for protein maturation. Antioxid. Redox Signal. 2003, 5, 381–387. [CrossRef]

93. Tu, B.P.; Weissman, J.S. Oxidative protein folding in eukaryotes: Mechanisms and consequences. J. Cell Biol.
2004, 164, 341–346. [CrossRef]

94. Carreras-Sureda, A.; Pihan, P.; Hetz, C. Calcium signaling at the endoplasmic reticulum: Fine-tuning stress
responses. Cell Calcium 2018, 70, 24–31. [CrossRef]

95. Verfaillie, T.; Rubio, N.; Garg, A.D.; Bultynck, G.; Rizzuto, R.; Decuypere, J.P.; Piette, J.; Linehan, C.; Gupta, S.;
Samali, A.; et al. PERK is required at the ER-mitochondrial contact sites to convey apoptosis after ROS-based
ER stress. Cell Death Differ. 2012, 19, 1880–1891. [CrossRef]

96. Gorlach, A.; Klappa, P.; Kietzmann, T. The endoplasmic reticulum: Folding, calcium homeostasis, signaling,
and redox control. Antioxid. Redox Signal. 2006, 8, 1391–1418. [CrossRef]

97. Hong, Q.; Qi, K.; Feng, Z.; Huang, Z.; Cui, S.; Wang, L.; Fu, B.; Ding, R.; Yang, J.; Chen, X.; et al. Hyperuricemia
induces endothelial dysfunction via mitochondrial Na+/Ca2+ exchanger-mediated mitochondrial calcium
overload. Cell Calcium 2012, 51, 402–410. [CrossRef]

98. Wu, X.; Zhang, L.; Miao, Y.; Yang, J.; Wang, X.; Wang, C.C.; Feng, J.; Wang, L. Homocysteine causes vascular
endothelial dysfunction by disrupting endoplasmic reticulum redox homeostasis. Redox Biol. 2019, 20, 46–59.
[CrossRef]

99. Suganya, N.; Dornadula, S.; Chatterjee, S.; Mohanram, R.K. Quercetin improves endothelial function in
diabetic rats through inhibition of endoplasmic reticulum stress-mediated oxidative stress. Eur. J. Pharmacol.
2018, 819, 80–88. [CrossRef]

100. Choy, K.W.; Lau, Y.S.; Murugan, D.; Mustafa, M.R. Chronic treatment with paeonol improves endothelial
function in mice through inhibition of endoplasmic reticulum stress-mediated oxidative stress. PLoS ONE
2017, 12, e0178365. [CrossRef]

101. Oyadomari, S.; Koizumi, A.; Takeda, K.; Gotoh, T.; Akira, S.; Araki, E.; Mori, M. Targeted disruption of
the Chop gene delays endoplasmic reticulum stress-mediated diabetes. J. Clin. Investig. 2002, 109, 525–532.
[CrossRef]

102. Li, G.; Mongillo, M.; Chin, K.T.; Harding, H.; Ron, D.; Marks, A.R.; Tabas, I. Role of ERO1-alpha-mediated
stimulation of inositol 1,4,5-triphosphate receptor activity in endoplasmic reticulum stress-induced apoptosis.
J. Cell Biol. 2009, 186, 783–792. [CrossRef]

103. Novoa, I.; Zeng, H.; Harding, H.P.; Ron, D. Feedback inhibition of the unfolded protein response by
GADD34-mediated dephosphorylation of eIF2alpha. J. Cell Biol. 2001, 153, 1011–1022. [CrossRef]

104. 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]

105. 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]

106. Kim, B.J.; Ryu, S.W.; Song, B.J. JNK- and p38 kinase-mediated phosphorylation of Bax leads to its activation
and mitochondrial translocation and to apoptosis of human hepatoma HepG2 cells. J. Biol. Chem. 2006, 281,
21256–21265. [CrossRef]

107. Li, Y.; Schwabe, R.F.; DeVries-Seimon, T.; Yao, P.M.; Gerbod-Giannone, M.C.; Tall, A.R.; Davis, R.J.; Flavell, R.;
Brenner, D.A.; Tabas, I. Free cholesterol-loaded macrophages are an abundant source of tumor necrosis
factor-alpha and interleukin-6: Model of NF-kappaB- and map kinase-dependent inflammation in advanced
atherosclerosis. J. Biol. Chem. 2005, 280, 21763–21772. [CrossRef]

108. Verfaillie, T.; Garg, A.D.; Agostinis, P. Targeting ER stress induced apoptosis and inflammation in cancer.
Cancer Lett. 2013, 332, 249–264. [CrossRef] [PubMed]

109. Struzik, J.; Szulc-Dabrowska, L. NF-kappaB Signaling in Targeting Tumor Cells by Oncolytic
Viruses-Therapeutic Perspectives. Cancers 2018, 10, 426. [CrossRef]

110. Schmitz, M.L.; Shaban, M.S.; Albert, B.V.; Gokcen, A.; Kracht, M. The Crosstalk of Endoplasmic Reticulum
(ER) Stress Pathways with NF-kappaB: Complex Mechanisms Relevant for Cancer, Inflammation and
Infection. Biomedicines 2018, 6, 58. [CrossRef]

111. Roy, P.; Sarkar, U.A.; Basak, S. The NF-kappaB Activating Pathways in Multiple Myeloma. Biomedicines 2018,
6, 59. [CrossRef]

http://dx.doi.org/10.1089/152308603768295113
http://dx.doi.org/10.1083/jcb.200311055
http://dx.doi.org/10.1016/j.ceca.2017.08.004
http://dx.doi.org/10.1038/cdd.2012.74
http://dx.doi.org/10.1089/ars.2006.8.1391
http://dx.doi.org/10.1016/j.ceca.2012.01.003
http://dx.doi.org/10.1016/j.redox.2018.09.021
http://dx.doi.org/10.1016/j.ejphar.2017.11.034
http://dx.doi.org/10.1371/journal.pone.0178365
http://dx.doi.org/10.1172/JCI0214550
http://dx.doi.org/10.1083/jcb.200904060
http://dx.doi.org/10.1083/jcb.153.5.1011
http://dx.doi.org/10.1128/MCB.21.4.1249-1259.2001
http://dx.doi.org/10.1126/science.272.5266.1347
http://dx.doi.org/10.1074/jbc.M510644200
http://dx.doi.org/10.1074/jbc.M501759200
http://dx.doi.org/10.1016/j.canlet.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20732741
http://dx.doi.org/10.3390/cancers10110426
http://dx.doi.org/10.3390/biomedicines6020058
http://dx.doi.org/10.3390/biomedicines6020059


Int. J. Mol. Sci. 2019, 20, 1658 21 of 21

112. Hu, P.; Han, Z.; Couvillon, A.D.; Kaufman, R.J.; Exton, J.H. Autocrine tumor necrosis factor alpha links
endoplasmic reticulum stress to the membrane death receptor pathway through IRE1alpha-mediated
NF-kappaB activation and down-regulation of TRAF2 expression. Mol. Cell. Biol. 2006, 26, 3071–3084.
[CrossRef] [PubMed]

113. Angel, P.; Szabowski, A.; Schorpp-Kistner, M. Function and regulation of AP-1 subunits in skin physiology
and pathology. Oncogene 2001, 20, 2413–2423. [CrossRef]

114. Zhang, K.; Kaufman, R.J. From endoplasmic-reticulum stress to the inflammatory response. Nature 2008, 454,
455–462. [CrossRef]

115. Huang, J.; Wan, L.; Lu, H.; Li, X. High expression of active ATF6 aggravates endoplasmic reticulum
stress-induced vascular endothelial cell apoptosis through the mitochondrial apoptotic pathway. Mol. Med.
Rep. 2018, 17, 6483–6489. [CrossRef]

116. Bhatta, M.; Ma, J.H.; Wang, J.J.; Sakowski, J.; Zhang, S.X. Enhanced endoplasmic reticulum stress in bone
marrow angiogenic progenitor cells in a mouse model of long-term experimental type 2 diabetes. Diabetologia
2015, 58, 2181–2190. [CrossRef]

117. Sarvani, C.; Sireesh, D.; Ramkumar, K.M. Unraveling the role of ER stress inhibitors in the context of
metabolic diseases. Pharmacol. Res 2017, 119, 412–421. [CrossRef]

118. 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]

119. Tsaytler, P.; Harding, H.P.; Ron, D.; Bertolotti, A. Selective inhibition of a regulatory subunit of protein
phosphatase 1 restores proteostasis. Science 2011, 332, 91–94. [CrossRef]

120. Tong, Q.; Wu, L.; Jiang, T.; Ou, Z.; Zhang, Y.; Zhu, D. Inhibition of endoplasmic reticulum stress-activated
IRE1alpha-TRAF2-caspase-12 apoptotic pathway is involved in the neuroprotective effects of telmisartan in
the rotenone rat model of Parkinson’s disease. Eur. J. Pharmacol. 2016, 776, 106–115. [CrossRef]

121. Lakshmanan, A.P.; Thandavarayan, R.A.; Palaniyandi, S.S.; Sari, F.R.; Meilei, H.; Giridharan, V.V.; Soetikno, V.;
Suzuki, K.; Kodama, M.; Watanabe, K. Modulation of AT-1R/CHOP-JNK-Caspase12 pathway by olmesartan
treatment attenuates ER stress-induced renal apoptosis in streptozotocin-induced diabetic mice. Eur. J.
Pharm. Sci. 2011, 44, 627–634. [CrossRef]

122. Ghosh, R.; Wang, L.; Wang, E.S.; Perera, B.G.; Igbaria, A.; Morita, S.; Prado, K.; Thamsen, M.; Caswell, D.;
Macias, H.; et al. Allosteric inhibition of the IRE1alpha RNase preserves cell viability and function during
endoplasmic reticulum stress. Cell 2014, 158, 534–548. [CrossRef]

123. Lee, E.S.; Kim, H.M.; Kang, J.S.; Lee, E.Y.; Yadav, D.; Kwon, M.H.; Kim, Y.M.; Kim, H.S.; Chung, C.H.
Oleanolic acid and N-acetylcysteine ameliorate diabetic nephropathy through reduction of oxidative stress
and endoplasmic reticulum stress in a type 2 diabetic rat model. Nephrol. Dial. Transpl. 2016, 31, 391–400.
[CrossRef] [PubMed]

124. Natsume, Y.; Ito, S.; Satsu, H.; Shimizu, M. Protective effect of quercetin on ER stress caused by calcium
dynamics dysregulation in intestinal epithelial cells. Toxicology 2009, 258, 164–175. [CrossRef] [PubMed]

125. Suganya, N.; Bhakkiyalakshmi, E.; Suriyanarayanan, S.; Paulmurugan, R.; Ramkumar, K.M. Quercetin
ameliorates tunicamycin-induced endoplasmic reticulum stress in endothelial cells. Cell Prolif. 2014, 47,
231–240. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/MCB.26.8.3071-3084.2006
http://www.ncbi.nlm.nih.gov/pubmed/16581782
http://dx.doi.org/10.1038/sj.onc.1204380
http://dx.doi.org/10.1038/nature07203
http://dx.doi.org/10.3892/mmr.2018.8658
http://dx.doi.org/10.1007/s00125-015-3643-3
http://dx.doi.org/10.1016/j.phrs.2017.02.018
http://dx.doi.org/10.1016/j.neulet.2011.09.003
http://dx.doi.org/10.1126/science.1201396
http://dx.doi.org/10.1016/j.ejphar.2016.02.042
http://dx.doi.org/10.1016/j.ejps.2011.10.009
http://dx.doi.org/10.1016/j.cell.2014.07.002
http://dx.doi.org/10.1093/ndt/gfv377
http://www.ncbi.nlm.nih.gov/pubmed/26567248
http://dx.doi.org/10.1016/j.tox.2009.01.021
http://www.ncbi.nlm.nih.gov/pubmed/19428936
http://dx.doi.org/10.1111/cpr.12102
http://www.ncbi.nlm.nih.gov/pubmed/24666891
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Physiological Roles of Endothelium and Endothelial Dysfunction 
	Physiological Roles of Endothelium 
	Endothelial Dysfunction 

	Unfolded Protein Response (UPR) and Endoplasmic Reticulum (ER) Stress 
	The Physiological Roles of ER 
	UPR and ER Stress Response 

	Contribution of ER Stress Response to Cardiovascular Disease 
	The Role of ER Stress in Endothelial Dysfunction 
	The Role of ER Stress in the Development of Atherosclerosis 

	Major Mechanisms Underpinning ER Stress-Mediated Endothelial Dysfunction 
	ER Stress-Mediated Insulin Resistance 
	ER Stress-Mediated Oxidative Stress 
	ER Stress-Mediated Cellular Inflammation And Apoptosis 

	Clinical Utility of Targeting ER Stress 
	Conclusions 
	References

