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Abstract: Cardiovascular disease continues to be the leading cause of death in industrialised socie-

ties. The idea that the arterial smooth muscle cell (ASMC) plays a key role in regulating many vascu-

lar pathologies has been gaining importance, as has the realisation that not enough is known about 

the pathological cellular mechanisms regulating ASMC function in vascular remodelling. In the past 

decade endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) have been rec-

ognised as a stress response underlying many physiological and pathological processes in various 

vascular cell types. Here we summarise what is known about how ER stress signalling regulates phe-

notypic switching, trans/dedifferentiation and apoptosis of ASMCs and contributes to atherosclero-

sis, hypertension, aneurysms and vascular calcification. 
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1. INTRODUCTION  

 Endoplasmic reticulum (ER) stress is a cellular stress 
response, which is activated when the demands for protein 
folding exceed the capacity of the ER. It leads to activation 
of signalling pathways called the unfolded protein response 
(UPR). ER stress has been shown to be essential for many 
physiological processes involving professional secretory 
cells [1]. Differentiation of B cells into plasma cells [2], in-
sulin secretion by pancreatic β-cells [3] and maturation of 
osteoblasts during bone formation [4, 5] are associated with 
increases in protein folding demand that induce ER stress 
and activate the UPR. However, pathological ER stress has 
also been implicated in many disease processes such as viral 
infections [6] and cardiovascular disease. 

 According to the World Health Organisation reports, 
more people die annually from cardiovascular disease than 
from any other cause, with an estimated 17.5 million deaths 
in 2012. Of these deaths, an estimated 7.4 million were due 
to coronary heart disease and 6.7 million were due to stroke 
[7]. These causes of death share common risk factors and 
underlying pathology – diseases of the vasculature. Hyper-
tension alone is estimated to affect 25% of the adult popula-
tion in industrialized societies and it is a major risk factor for 
stroke, myocardial infarction, congestive heart failure, and 
end stage renal disease [8, 9]. Vascular calcification, or min-
eralisation of the blood vessel wall, poses an increased risk  
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of cardiovascular and all-cause mortality in asymptomatic 
adults and prevalence of coronary artery calcification (CAC) 
corresponds to age. Recent statistics show that among pa-
tients between 45 and 75 years of age an estimated 32% of 
women and 53% of men have coronary artery calcification 
[9]. CAC is also a measure of the burden of atherosclerosis 
in the coronary arteries. These statistics stress the importance 
of studying novel molecular mechanisms underlying vascu-
lar pathology, which will enable finding effective therapies 
in the future. One avenue of therapeutic potential is ER 
stress. 

 ER stress and the UPR are known to play a part in car-
diovascular disease. The role of ER stress in regulating endo-
thelial cell, macrophage and cardiomyocyte function in dis-
ease has been studied extensively and reviewed before [10-
14]. However, in recent years focus has shifted towards arte-
rial smooth muscle cells (ASMCs) and their role in regulat-
ing vascular pathology. Therefore ASMCs are the centre of 
attention of this review, which explores their role in vascular 
disease and regulation by ER stress and the UPR. 

1.1. Endoplasmic Reticulum Stress and the Unfolded 
Protein Response 

 The ER is the first organelle of the secretory pathway, 
where most secreted and transmembrane proteins are folded 
and mature; processes essential for protein synthesis and cell 
homeostasis. ER stress occurs when the influx of unfolded 
proteins to the ER exceeds its capacity to fold them resulting 
in activation of a signalling pathway called the UPR [15, 16]. 
ER stress and the UPR can also be activated by disturbances 
in calcium homeostasis, as storing Ca

2+
 is an important func-
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tion of the ER. Ca
2+

 is required for the maintenance of pro-
tein synthesis as the majority of the ER resident chaperones 
(for example calreticulin) are Ca

2+
 -binding proteins. There-

fore, fluctuations in the levels of Ca
2+

 in the ER can severely 
impact folding capacity [17]. In addition, ER stress can be 
activated by changes in the redox status of the ER, as an oxi-
dising environment is necessary for disulphide bonds to form 
[18]. 

 There are three proteins responsible for sensing an in-
creased load of unfolded proteins in the ER, which define 
three branches of the UPR: inositol-requiring protein-1 
(IRE1), activating transcription factor-6 (ATF6) and PRKR-
Like Endoplasmic Reticulum Kinase (PERK). These trans-
membrane proteins, which have ER luminal and cytosolic 
domains, are called ER stress transducers as upon sensing 
ER stress they transmit the signal from the ER to down-
stream effectors (Fig. 1) [15, 16]. 

 The first ER stress transducer to be described was IRE1 
(also known as endoplasmic reticulum to nucleus signalling 
1, ERN1). Upon unfolded protein accumulation it oligomer-
ises and undergoes autophosphorylation [19]. This activates 
its effector function, which is cleavage of only one known 
substrate, XBP1 mRNA. This splicing of XBP1 causes a 
frameshift and results in a completely different protein being 
translated [20]. This spliced XBP1 is more stable and acts as 
a transcription activator for UPR regulated genes [20, 21]. 
The protein resulting from unspliced XBP1 mRNA is unsta-
ble and represses UPR target genes [21]. The XBP1 branch 
of the UPR has a role in regulating lipid biosynthetic en-
zymes and ER-associated degradation components, as well 

as ER biogenesis [16]. It has also been shown that IRE1 can 
mediate RIDD (regulated IRE1-dependent decay), whereby 
ER-localised mRNAs are degraded to limit the number of 
newly synthesised proteins and decrease the protein load in 
the ER [22]. 

 The second branch of the UPR is represented by ATF6. 
When unfolded proteins accumulate in the ER, its Golgi lo-
calisation sequences are revealed and it is translocated to this 
organelle. In the Golgi ATF6 is processed by site 1 and site 2 
proteases, which cleave off the ER luminal and transmem-
brane domains [23]. The resulting cytosolic fragment, which 
has DNA binding activity, moves to the nucleus and is a 
transcription factor that activates transcription of UPR-
regulated genes, for example XBP1, Grp78 and Grp94 chap-
erones (78kDa and 94kDa glucose regulated proteins) and 
PDI (protein disulphide isomerase) [20, 23]. 

 The third branch of the UPR is mediated by PERK (also 
known as eukaryotic initiation factor 2-alpha kinase 3, 
EIF2AK3). Similar to IRE1, it undergoes oligomerisation 
and autophosphorylation upon accumulation of unfolded 
proteins in the ER [24]. However, unlike IRE1, PERK also 
phosphorylates eukaryotic translation initiation factor 2α 
(eIF2α). This results in lower translation initiation levels and 
decreased flux of new proteins into the ER [25]. Some tran-
scripts involved in the UPR are able to avoid this transla-
tional block and are preferentially translated when eIF2α is 
limiting, due to short upstream open reading frames in their 
5' untranslated regions. An example of such a gene is ATF4, 
a transcription factor that is translationally induced by phos-
phorylation of eIF2α [26]. Another two are CHOP (transcrip-

 

 

 

 

 

 

 

 

 

 

Fig. (1). The unfolded protein response. ER stress caused by accumulation of unfolded proteins triggers the UPR, which consists of three  

branches A) IRE1 catalyses splicing of XBP1 mRNA, which results in translation of a functional transcription factor.  B) PERK phosphory-

lates eIF2a, which leads to blocking of general translation and preferential translation of some transcripts, such as ATF4. C) ATF6 is translo-

cated to the Golgi, where it undergoes cleavage and becomes an active transcription factor. The result of activation of each of these pathways 

is transcription of genes whose products help resolve ER stress. Abbreviations: ATF4 – activating transcription factor 4, ATF6 – activating 

transcription factor 6, CHOP - DNA Damage Inducible Transcript 3 (DDIT3), eIF2α – eukaryotic translation initiation factor 2α, Grp78 - 

Heat Shock Protein Family A (Hsp70) Member 5 (HSPA5), Grp94 - Heat Shock Protein 90kDa Beta Family Member 1 (HSP90B1), IRE1 - 

Endoplasmic Reticulum To Nucleus Signaling 1 (ERN1), PERK - Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3 (EIF2AK3), 

XBP1 – x-box binding protein 1. 

NucleusXBP1 RNA
ER

Nucleus

IRE1

ATF4

XBP1

XBP1 mRNA

Splicing
transcription
Grp78
Grp94
CHOP

A

PERK

eIF2�

eIF2�

ATF4

Translation 
block

P Proteolytic 
cleavage

ATF6
B

ATF6

Golgi

ATF6

Unfolded 
proteins

C



96    Current Cardiology Reviews, 2017, Vol. 13, No. 2 Furmanik and Shanahan 

tion factor C/EBP homologous protein) and GADD34 
(growth arrest and DNA damage–inducible 34) [16]. 

 Activation of all three branches of the UPR results in a 
decrease in protein influx to the ER and increased expression 
of various genes encoding chaperones and other proteins that 
mitigate the effects of accumulation of unfolded proteins.  
Examples of chaperones include Grp78 and Grp94 [27, 28], 
protein disulphide isomerases (PDIs) and genes involved in 
phospholipid synthesis and ER biogenesis (phosphatidyl 
choline biosynthesis) [29], which leads to expansion of the 
ER and its protein folding capacity. Another mechanism 
activated in response to an overabundance of unfolded pro-
teins is ERAD (ER-associated degradation). In this process 
misfolded proteins are retrotranslocated to the cytoplasm and 
degraded by the proteasome [30]. Large aggregates of se-
verely unfolded proteins that are difficult to degrade via 
ERAD can also be disposed of via autophagy, which has 
been shown to be activated during ER stress [31]. However, 
if ER stress is too overwhelming and cannot be resolved it 
may lead to cell death [32]. 

 Apoptosis is activated by ER stress via several mecha-
nisms [33]. IRE1α activates TRAF2 (tumour necrosis factor 
receptor associated factor 2) which activates apoptotic-
signaling kinase-1 (ASK1), causing activation downstream 
of stress kinases Jun-N-terminal kinase (JNK) and p38 
MAPK (mitogen-activated protein kinase), that promote 
apoptosis [34]. CHOP has also been implicated in ER stress- 
induced apoptosis [35], as it increases expression of pro-
apoptotic Bim, DR5 and PUMA, while decreasing expres-
sion of anti-apoptotic Bcl-2 [32, 36, 37]. In addition, ER 
stress can mediate cell death by disturbance in calcium me-
tabolism; Bax and Bak have been shown to regulate Ca

2+ 

release from the ER upon ER stress [38].  

 Importantly, maintenance of ER homeostasis is linked 
with the cellular redox potential. PDI catalyzes disulfide 
bond formation and becomes reduced in the process. It is 
then oxidised by ERO-1 (endoplasmic reticulum oxi-
doreductin) via transfer of electrons from reduced PDI to 
molecular oxygen, resulting in reactive oxygen species 
(ROS) generation. In addition, glutathione (GSH) and perox-
iredoxin play a role in reducing PDIs, further altering the 
redox environment in the ER [39]. Moreover, it has been 
shown that disturbances in ER Ca

2+
 homeostasis lead to in-

creased ROS generation by the mitochondria [40]. ROS can 
also feedback to sensitise the Ca

2+
 release channels at the ER 

membrane [41]. As far as downstream signalling is con-
cerned, SKN-1/ Nrf is reported to be activated by ER stress 
[42], studies also report that PERK activates nuclear respira-
tory factor 2 (Nrf2) [43]. The relationship between ER stress 
and oxidative stress has been previously reviewed in detail 
[18, 44]. 

 Chemical chaperones are low molecular weight proteins 
which interact with exposed hydrophobic fragments of the 
unfolded protein, thereby protecting it from aggregation 
[45]. In this review we describe the effect of some of these 
compounds (for example, TUDCA and PBA) as well as 
other factors shown to ameliorate ER stress in the vascula-
ture. 

 

1.2. ASMCs in vascular disease 

 In contrast to other muscle cells, ASMCs do not termi-
nally differentiate and show phenotypic plasticity. In physio-
logical conditions in the vessel wall they exist as contractile 
cells and regulate vascular tone. In response to stress and 
injury ASMCs lose expression of contractility-related genes 
such as SM22α, calponin (CNN1), and myosin light chain 
(MLC) [46-48] and proliferate, migrate and secrete extracel-
lular matrix (ECM) related proteins, and thus are able to re-
pair the injured vessel [49, 50]. Phenotypic plasticity of 
ASMCs underlies their functions in vascular pathology. For 
example, proliferation of synthetic ASMCs is the mechanism 
that leads to formation of a fibrous cap over an atheroscle-
rotic plaque [51]. In addition, in response to lipid exposure, 
characteristic of the extracellular environment of atheroscle-
rosis, ASMCs have been shown to differentiate into myeloid 
cells, showing features of macrophage-like cells, which ex-
press macrophage markers, phagocytose and present antigens 
[52-54]. Another example of pathological phenotype switch-
ing is trans/dedifferentiation of ASMCs into cells with char-
acteristics of osteoblasts or chondrocytes [55-57]; this has 
been suggested to be one of the mechanisms underlying vas-
cular calcification.  

 In addition to phenotype switching, dysregulated apopto-
sis of ASMCs is also a major contributor to vascular disease. 
ASMC apoptosis has been shown to contribute to progres-
sion of atherosclerosis and atherosclerotic plaque instability, 
vascular calcification and aortic aneurysm formation [58-60]. 

 Factors regulating ASMC phenotype switching and apop-
tosis are important for understanding ways to manipulate 
vascular disease and finding therapies. Importantly, ER 
stress has been recently implicated in regulating ASMCs 
phenotype, physiology and death in vascular disease; this is 
discussed in the sections below. 

2. ER STRESS IN VASCULAR DISEASE 

2.1. Atherosclerosis 

 The formation of the atherosclerotic plaque begins with 
subendothelial accumulation of lipids in the vessel wall, to 
form fatty streaks [61]. These lipids trigger a series of in-
flammatory responses, such as attraction of monocytes to 
activated endothelial cells overlaying fatty streaks, followed 
by monocyte differentiation into macrophages. Macrophages 
internalize the retained lipoproteins, leading to foam cell 
formation, and they become activated and produce inflam-
matory cytokines [62]. As lesions develop other inflamma-
tory cells are recruited, the inflammatory response amplifies 
and does not resolve, leading to the formation of a core re-
gion in the centre of the plaque with lipid droplets, sur-
rounded by a fibrous cap of ASMCs and a collagen-rich 
ECM.  

 ASMC proliferation also plays an important role in 
plaque progression [11, 63].  ASMCs migrate from the tu-
nica media to the tunica intima, form the fibrous cap and 
regulate collagen biosynthesis [52, 54]. Once a plaque is 
established ASMC apoptosis is an important process regulat-
ing plaque stability, as ASMC death leads to plaque  
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rupture and exposure of pro-thrombotic debris leading to 
myocardial infarction [59, 64].  

Increased Expression of ER Stress Markers in ASMCs is 
Implicated in Atherosclerosis 

 ER stress has been shown to be activated in ASMCs by 
common atherosclerosis risk factors (Fig. 2). For example, 
expression of Grp78 was observed in a mouse model of hy-
perhomocysteinemia in atherosclerotic lesions, predomi-
nantly in the ASMC-containing fibrous cap [65]. The in-
volvement of ER stress in ASMCs in the context of diabetes 
has been shown in mouse models of this condition where 
increased expression of ER chaperones was observed in 
ASMCs in atherosclerotic plaques [66]. In addition, glu-
cosamine, which is a by-product of excess glucose in the 
blood stream in diabetes, has been shown to increase ER 
stress in cultured aortic ASMCs [67]. 

 

Fig. (2). Schematic representation of the contribution of ER 

stress to the development of atherosclerosis. ER stress is acti-

vated by known atherosclerosis risk factors. The PERK pathway 

has been implicated in regulation of ASMC apoptosis and prolifera-

tion. Osteocalcin (OCN), SelS, taurine and wogonin have been 

shown to have protective effects against ER stress in the context of 

atherosclerosis. Exact mechanisms linking all these factors are un-

known. Abbreviations: ATF4 – activating transcription factor 4, 

CHOP - DNA Damage Inducible Transcript 3 (DDIT3), eIF2α – 

eukaryotic translation initiation factor 2α, IRE1 - Endoplasmic 

Reticulum To Nucleus Signaling 1 (ERN1), OCN – osteocalcin 

(BGLAP), oxLDL – oxidised low-density lipoprotein, PERK -

Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3 

(EIF2AK3), SelS – selenoprotein S, XBP1 – x-box binding  

protein 1. 

ER Stress Potentially Leads to Apoptosis of ASMCs in the 
Atherosclerotic Plaque 

 Despite the established presence of ER stress in athero-
sclerotic vessels, its role in plaque progression has not been 
fully characterized. One possible mechanism is ER stress–
mediated apoptosis of ASMCs leading to decreased collagen 
production and thinning of the protective collagen cap in 
advanced lesions. 

 In animal models of atherosclerosis, apoptosis of ASMCs 
via ER stress was shown to be induced by lipids. 7-
ketocholesterol was shown to activate ER stress in a study by 
Myoishi et al, who also observed ER stress in ASMCs in 
ruptured and thin cap (unstable) atherosclerotic plaques, but 
not in fibrous cap (stable) plaques in human coronary artery 
samples [68]. ER stress was also shown to be activated by 7-
ketocholesterol in cultured human ASMCs, where it was 
mediated by ROS production and led to apoptosis [69]. Fur-
thermore, ApoE

-/-
 and Ldlr

-/-
 mice lacking the ER stress-

regulated apoptosis inducer CHOP showed decreased necro-
sis and apoptosis in atherosclerotic plaques confirming the 
link between ER stress and lipid metabolism in vascular dis-
ease [70]. The authors attribute these changes to macro-
phages, but do not rule out the participation of ASMCs. This 
seems more than likely in the light of findings that ASMCs 
can transdifferentiate into various other cell populations pre-
sent in the plaque [52]. In another study free cholesterol 
loading of ASMCs in vitro correlated with ER stress and 
apoptosis [71]. Oxidised low-density lipoproteins have also 
been shown to activate ER stress-induced apoptosis in 
ASMCs [72]. Additionally, apoptosis of ASMCs was ob-
served in a study where rabbit aortic atherosclerotic rings 
were treated with an ER stress inducer puromycin, however 
fibrous cap morphology and plaque stability were not  
examined [73].  

ER Stress Regulates ASMC Proliferation and Vascular 
Remodelling 

 Various components of the UPR have also been impli-
cated in regulating ASMC proliferation.  Malabanan et al. 
showed that ATF4 expression is activated by FGF2 in re-
sponse to vascular injury, and that ATF4 regulates the ex-
pression of VEGF-A, leading to increased proliferation of 
ASMCs and medial thickening in a rat model of balloon-
induced vascular injury [74]. In a mouse model of athero-
sclerosis (ApoE

-/-
 mice fed a high fat diet) ASMC-specific 

CHOP knockout was found to increase the levels of ASMC 
phenotype regulator KLF4 [75]. KLF4 is a known suppres-
sor of ASMC contractile markers and inhibitor of prolifera-
tion of ASMCs [52, 76]. These results show that ER stress 
signalling can regulate signalling pathways crucial for vascu-
lar remodelling. 

 Conversely, there is evidence suggesting that ER stress 
might be protective in pathologies associated with increased 
ASMC proliferation. For example it has been shown that 
inducing ER stress in ASMCs with tunicamycin (an inhibitor 
of protein glycosylation) or thapsigargin (an inhibitor of 
SERCA) inhibited their proliferation [77, 78]. This idea is 
supported by a recent study of a novel protein regulated by 
ER stress, Gipie, which is highly expressed in synthetic 
ASMCs in regions of vascular injury. Gipie forms a complex 
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with GRP78 and IRE1α, and stabilizes their interaction, re-
ducing JNK activation and cell death induced by ER stress 
[79]. In a rat model of balloon injury depletion of Gipie at-
tenuated neointima formation and stimulated ASMC apopto-
sis [80].  

Inhibiting ER Stress has Therapeutic Benefits for Athero-
sclerosis 

 The consensus about ER stress activation in the vessel 
wall seems to be that it is a pathological process and that its 
inhibition would ameliorate vascular disease. Several com-
pounds that decrease ER stress induced by atherosclerosis-
promoting factors have been identified so far.  

 Osteocalcin, a protein secreted by osteoblasts, was found 
to decrease ER stress induced in the vasculature by high-fat 
diet in ApoE

-/-
 mice [81]. Mice treated with osteocalcin were 

less obese and had better glucose sensitivity than untreated 
counterparts, suggesting that inhibiting ER stress may have 
real benefits with regards to atherosclerosis in the context of 
diabetes. Even though the protective effects of osteocalcin in 
vivo could have been mediated by macrophages and endothe-
lial cells, which are also known to activate ER stress in vas-
cular pathology, the authors show that in vitro osteocalcin 
has protective effects on ASMCs. However, it is worth not-
ing that we discuss osteocalcin as a protective agent, even 
though it is a known vascular calcification promoting factor 
and overexpression of osteocalcin in ASMCs leads to in-
creased mineralisation [82]. The authors of this study did not 
examine whether osteocalcin induced any calcification and 
therefore more research is needed to assess all the potential 
effects of this treatment. 

 FGF-21 (fibroblast growth factor 21, implicated in the 
pathogenesis of diabetes) has been shown to decrease hall-
marks of atherosclerosis and expression of ER stress markers 
in the aorta in another study in ApoE

-/-
 mice. However, the 

authors did not carry out any experiments to determine 
which cell types were involved [83]. 

 A different naturally occurring factor implicated in inhib-
iting ER stress and atherosclerosis is selenoprotein S (SelS). 
SelS is abundantly expressed in ASMCs and silencing its 
expression was shown to sensitize the cells to ER stress and 
apoptosis [84]. Since apoptosis is a crucial mechanism of 
atherosclerosis progression, this provides an important 
treatment option.  

 Another study focused on taurine, a metabolite of me-
thionine and cysteine, which has antihypertensive and antia-
therogenic effects, has been shown to decrease ER stress 
induced by hyperhomocysteinemia in cultured rat ASMCs 
[85]. Finally, wogonin, a plant-derived flavonoid, has been 
shown to decrease ER stress and apoptosis induced by 
palmitate in cultured ASMCs [86].  

2.2. Hypertension 

 As the main component of the arterial wall and cells 
regulating vascular tone ASMCs play an important role in 
the pathophysiology of hypertension. Increased proliferation 
of ASMCs in hypertensive blood vessels is responsible for 
remodelling of the vessel wall [87]. 

 

ER Stress Induces Hypertension 

 Mice perfused with tunicamycin showed increased sys-
tolic and diastolic blood pressure; increased expression of 
ER stress markers suggesting activation of the IRE1 and 
PERK branches of the UPR [88]. A different study showed 
that perfusing rats with tunicamycin also led to apoptosis, 
fibrosis with increased collagen production and aortic stiff-
ening [89]. The effects of tunicamycin were reversed by ad-
ministering an ER stress inhibitor, the chemical chaperone 
PBA. Additionally, microarray analysis showed increased 
expression of ATF6 and its transcriptional targets in sponta-
neously hypertensive rats comparing to a normotensive 
strain [90]. 

 In vitro hypertension has been modelled by submitting 
cells to cyclic stretch of various intensities to mimic the 
hemodynamic conditions of a blood vessel. Both CHOP and 
XBP1 have been found to be upregulated by cyclic stretch in 
rat ASMCs [91]. XBP1 expression in ASMCs was accompa-
nied by changes in splicing of large conductance calcium and 
voltage-activated potassium (BK) channels, known to be 
involved in regulating vascular tone and implicated in 
ASMC differentiation [92]. These results suggest that there 
might be a positive feedback loop mechanism regarding 
ASMCs in hypertension – mechanical stress induces ER 
stress, which in turn further induces hypertension. 

ER Stress in Pulmonary Artery Hypertension 

 ER stress in ASMCs has also been implicated in pulmo-
nary arterial hypertension (PAH), a condition that manifests 
as thickening and fibrosis of the pulmonary arteries, which 
leads to stiffness and right ventricular hypertrophy [87]. The 
ATF6 branch of the UPR has been shown to regulate expres-
sion of Nogo-B, an ER protein implicated in vascular re-
modelling and fibrosis in PAH, as it increases ASMC prolif-
eration. Interestingly, ATF6 and Nogo-B were upregulated 
in pulmonary resistance arteries but not in carotid arteries, 
suggesting that ASMCs or their responses to stress are vessel 
specific [93, 94]. 

 These in vivo studies are supported by in vitro data. 
Crnkovic and colleagues observed upregulation of ER stress 
markers in human pulmonary artery ASMCs treated with 
DHA (docosahexaenoic acid; [95]). DHA has been shown to 
have protective effects on the cardiovascular system, and the 
authors postulated that activation of ER stress leads to de-
creased proliferation and increased apoptosis of ASMCs, via 
an increase in ROS which in the context of PAH leads to an 
amelioration of disease. Fig. 3 summarizes the involvement 
of ER stress signalling pathways in hypertension. 

2.3. Aortic Aneurysms 

 The role of ASMCs in the development of aortic aneu-
rysms has long been established, as increased apoptosis and 
replicative senescence lead to thinning of the aortic media 
making the aneurysm prone to rupture [96]. 

 Recently it has been observed that increased expression 
of ER stress markers in ASMCs accompanies formation of 
abdominal aortic aneurysms (AAAs) both in humans and in 
a mouse model of this disease (Fig. 4) [97]. In the mouse  
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Fig. (3). Summary of current research of ER stress in hyperten-

sion. All three branches of the unfolded protein response have been 

shown to mediate changes in the vasculature that promote hyperten-

sion. In addition, there apears to be a positive feedback loop, where 

ER stress can lead to hypertension, and is increased by mechanical 

stress. Abbreviations: ATF4 – activating transcription factor 4, 

ATF6 – activating transcription factor 6, BK channel - voltage-

activated potassium channel, CHOP - DNA Damage Inducible 

Transcript 3 (DDIT3), DHA - docosahexaenoic acid, eIF2α – eu-

karyotic translation initiation factor 2α, IRE1 - Endoplasmic Re-

ticulum To Nucleus Signaling 1 (ERN1), Nogo-B – reticulon 4 

(RTN4), PERK - Eukaryotic Translation Initiation Factor 2 Alpha 

Kinase 3 (EIF2AK3), XBP1 – x-box binding protein 1. 

 

model the disease phenotype could be rescued by administer-
ing erlotinib, an inhibitor of EGFR. EGFR is activated by 
AngII and mediates various downstream responses in 
ASMCs, including oxidative stress and in this model also ER 
stress. In a follow-up study the same group has demonstrated 
that AngII induces vascular remodelling by EGFR-mediated 
ER stress activation [98]. This was independent of hyperten-
sion, which is classically associated with AngII. 

 Increased ER stress was also observed in pharmacologi-
cally induced thoracic aortic aneurysm/dissection (TAAD) as 
well as in human specimens of the disease [99]. The same 
study established that CHOP deletion prevented ASMC 
apoptosis and aneurysm formation, and confirmed that ER 
stress is activated in ASMCs by mechanical stretch. 

 Another study which links ER stress with AAAs exam-
ined the effect of a conditional ASMC-specific knockout of 
myocardin in mice [100]. Myocardin is a muscle-specific 
transcriptional coactivator implicated in development of the 
heart and vasculature. The myocardin knockout mice died 
within 6 months of the gene deletion due to rupture of aortic 
aneurysms. ASMCs of these mice undergo phenotypic 
change with downregulation of contractile markers and in-
creased expression of ECM proteins, which is accompanied 
by upregulation of ER stress (activation of the PERK branch 
of the UPR and XBP1 splicing) and autophagy markers. The  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). ER stress in development of aneurysms. ER stress has 

been observed during vascular remodelling. Conversely, ER stress 

signalling contributes to mechanisms which promote aneurysm 

formation. To date, IRE1 and ATF6 pathways have not been re-

ported to be involved in aneurysm formation in ASMCs. Abbrevia-

tions: AngII – angiotensyn 2, ATF4 – activating transcription factor 

4, CHOP - DNA Damage Inducible Transcript 3 (DDIT3), EGFR – 

epidermal growth factor receptor, eIF2α – eukaryotic translation 

initiation factor 2α, PERK - Eukaryotic Translation Initiation Factor 

2 Alpha Kinase 3 (EIF2AK3). 

 

authors suggest that ER stress is a result of increased protein 
turnover (cells degrade contractile markers and secrete 
ECM) rather than a trigger for the remodelling. However, 
ER stress and autophagy could also be the mechanisms lead-
ing to increased ASMC apoptosis observed in the media of 
the aortas with aneurysms. 

 Activation of ER stress and autophagy was also observed 
in a study which explored the effect of transgenic overex-
pression of smooth muscle myosin heavy chain (MYH11) in 
mouse ASMCs [101]. In humans heterozygous mutations in 
MYH11 cause a dominantly inherited predisposition to tho-
racic aneurysms and dissections. MYH overexpression in 
mouse ASMCs induced ER stress (the PERK branch of the 
UPR) and autophagy, which lead to degradation of the sur-
plus contractile protein. The authors postulate that due to ER 
stress the ASMCs had increased intracellular Ca

2+
 levels, 

which led to increased contractility. Although the authors 
admit that overexpression of MYH11 induces ER stress, the 
control for their experiments were cells derived from a non-
transgenic mouse, rather than a mouse overexpressing an 
unrelated protein. Therefore it cannot be ruled out that the 
effects they observed are in part an artefact of the overex-
pression itself, rather than specific to MYH11. 

2.4. Vascular Calcification 

 Vascular calcification is the most extreme form of vascu-
lar pathology and remodelling. It is the process of deposition 
of calcium phosphate crystals in the ECM of the blood vessel 
wall [102, 103]. The presence of vascular calcification poses 
an increased risk of cardiovascular and all-cause mortality. It 
is ubiquitous, and among 60-year-olds, approximately 60% 
have vascular calcification [104, 105]. 
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 Vascular calcification can be categorised into two main 
types: medial and intimal, depending on its localisation in 
the vessel wall [106, 107]. Each type of calcification is asso-
ciated with different conditions and risk factors [105].  
Medial calcification, also called Mönckenberg's sclerosis, 
causes blood vessel wall stiffening, leading to complications 
such as hypertension and aortic stenosis, which in turn give 
rise to cardiac hypertrophy, myocardial and lower-limb 
ischemia, congestive heart failure and can eventually result 
in death [105, 106, 108]. Medial calcification is associated 
primarily with ageing, diabetes and chronic kidney disease 
(CKD). Intimal calcifications co-localise with advanced 
atherosclerotic plaques [105] and are associated with the 
same factors as atherosclerosis, such as lipids, oxidative 
stress and inflammation.  

 ASMCs play a crucial role in regulating both types of 
calcification [109-111]. Several mechanisms regulating vas-
cular calcification involving ASMCs are already known, 
including: apoptosis [58], release of exosomes [112], loss of 
calcification inhibitors [113, 114], ageing-related DNA dam-
age [115] and osteogenic differentiation [55, 57]. All stages 
of bone formation can be found in calcified lesions,  
including fully formed trabecular bone, and markers charac-
teristic for both osteoblasts and chondrocytes are expressed 
by calcifying ASMCs [57, 105, 116, 117]. In addition, it has 
recently emerged that ER stress activation is another mecha-
nism associated with vascular calcification. ER stress and the 
unfolded protein response play an important role during bone 
formation and vascular calcification recapitulates many of 
the processe involved in bone formation.  

ASMC Osteogenic Transdifferentiation and Endochondral 
Bone Formation 

 During embryonic development bone formation occurs 
via two mechanisms: endochondral and membranous. Dur-
ing membranous ossification, which gives rise to flat bones 
of the skull, osteoblasts differentiate directly from mesen-
chymal stem cells (MSCs). During endochondral ossifica-
tion, by which most bones in the body are made, there is an 
intermediate step in which MSCs differentiate into chondro-
cytes that proliferate and secrete ECM to form a scaffold for 
osteoblasts [118]. Hypertrophic chondrocytes direct 
perichondral cells to differentiate into osteoblasts [118, 119], 
and finally undergo apoptosis. Chondrocytes also secrete 
matrix vesicles, small membrane-bound particles, which 
initiate calcification of the ECM [120]. 

 Chondrocyte and osteoblast proliferation and maturation 
during endochondral bone formation is regulated by a tightly 
orchestrated transcription programme activated in MSCs 
[118].  There is ample evidence that cytokines, transcription 
factors and bone ECM proteins are also present in the vessel 
wall and are involved in regulating vascular calcification. 
These include transcription factors Runx2 [121], Msx2, Os-
terix [122], Sox9 [116] and key components of BMP-2 [123] 
and TGFβ1 as well as Wnt [124] signalling pathways. 

ER Stress in Bone Formation 

 When bone formation occurs during embryonic devel-
opment, osteoblasts and chondrocytes need to secrete large 
amounts of ECM and regulatory proteins. It has been well 
documented, that in order to cope with the high demand of 

protein synthesis and secretion osteoblasts and chondrocytes 
employ UPR signalling to increase their protein folding ca-
pacity [4, 5]. All three branches of the UPR have been 
shown to activate transcription of bone specific genes [125-
127]. In addition, bone-specific ER stress transducers have 
been described, highlighting the crucial function of the UPR 
in bone formation [128, 129]. 

ER Stress in Vascular Calcification 

 Given the known involvement of ER stress in osteogenic 
differentiation, it is no surprise that studies published to date 
focus on expression of osteogenic markers and apoptosis as 
the mechanisms linking ER stress with vascular calcification 
(Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Summary of ER stress signalling facotrs involved in 

vascular calcification. All three unfolded protein response 

branches have been implicated in regulation of ASMC calcification 

by ER stress. Together they are suggested to regulate osteogenic 

differentiation and apoptosis, key events contributing to vascular 

calcification. Intermedin, selenium and globular adiponectin have 

been shown to inhibit ATF6 and PERK branches of the UPR. Ab-
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 Vascular calcification induced in rats with nicotine and 
vitamin D was accompanied by upregulation of Grp78 and 
Grp94 chaperone expression in the aorta as well as markers 
of ER stress-induced apoptosis, CHOP and caspase 12 [130].  
ATF4 was found to be the mediator of ER stress-induced 
calcification, both in the rat model in vivo and in rat ASMCs 
in vitro [131]. The authors of this study also demonstrated 
that changes in calcification and ER stress markers corre-
lated with osteogenic gene expression in ASMCs. 

 Further to that, the PERK-ATF4-CHOP branch of the 
UPR was found to be activated in aortas of ApoE

-/-
 mice 

with CKD induced by 5/6 nephrectomy [132, 133]. These 
mice showed extensive medial calcification in the aorta, ac-
companied by expression of osteogenic markers. Treatment 
with statins attenuated both medial and intimal calcification 
and ER stress, suggesting that dyslipidemia is an inducer of 
ER stress. Both CHOP and ATF4 were found to be required 
for mineralisation of mouse ASMCs [133]. In addition, the 
latest study by Masuda et al connects ER stress-induced 
apoptosis and vascular calcification in mice to altered bal-
ance of saturated and unsaturated fatty acids [134]. Interest-
ingly, this is the first study where the involvement of all 
three UPR pathways in mineralisation of ASMCs was 
shown. 

 The association of ER stress with ASMC calcification in 
vivo has been further confirmed in studies that investigated 
mineralisation of ASMCs in vitro. In a mouse ASMC line 
MOVAS-1, stearate (a saturated fatty acid) induced calcifi-
cation via the PERK pathway and XBP1 splicing [135]. 
ATF4 knock-down blocked osteogenic differentiation and 
mineralization induced by stearate. Similarly TNFα induced 
calcification of MOVAS-1 cells by activating the PERK-
ATF4-CHOP branch of the UPR [132]. In human coronary 
artery vascular smooth muscle cells (HCASMCs) BMP-2-
mediated oxidative stress induced ER stress, and increased 
expression of GRP78, phospho-IRE1 and XBP1 [136]. An 
increase in NADPH oxidase activity and oxidative stress 
occurred via activation of the BMP-2 receptor 2 and Smad1 
signalling. This study also showed that XBP1 binds to the 
Runx2 promoter in BMP-2-treated HCASMCs, linking ER 
stress and osteogenic differentiation. Inhibition of oxidative 
or ER stress decreased Runx2 expression, intracellular cal-
cium deposition, and mineralization of BMP-2-treated 
HCASMCs, suggesting that ROS production could be an-
other mechanism linking ER stress with vascular calcifica-
tion. 

 In contrast to all other reports, there is also evidence that 
CHOP may protect ASMCs from calcification in some dis-
ease contexts. In mouse ASMCs lacking the ENPP1 enzyme, 
which synthesizes pyrophosphate, a natural calcification 
inhibitor, the absence of CHOP increased mineralisation 
[137]. 

Attenuating ER Stress Decreases ASMC Calcification 

 Potential treatments for vascular calcification, which act 
by attenuating ER stress, have been described in recent stud-
ies. Intermedin, a paracrine/autocrine factor, member of the 
calcitonin/calcitonin gene-related peptide (CGRP) family is 
known to lower arterial pressure and resistance by activating 
cAMP/PKA signalling. In a study of rat ASMCs intermedin 

was shown to decrease ER stress, which also led to a de-
crease in calcification [138]. Similarly selenium, a trace ele-
ment whose deficiency has been linked to cardiovascular 
disease, has been found to decrease ER stress, apoptosis and 
calcification [139]. Finally, globular adiponectin, a peptide 
secreted by adipocytes, has been shown to decrease vascular 
calcification induced by vitamin D and nicotine in rats, 
which was accompanied by a decrease in ER stress and os-
teogenic gene expression [140].  

3. CONCLUSION 

 In this review we presented what is known about ER 
stress in ASMCs in various vascular disease contexts. Spe-
cifically, we summarised which ER stress pathways and 
which ER stress triggers were studied in these contexts. It is 
apparent that ER stress signalling varies depending on the 
type of ASMC and the disease context with large gaps in our 
understanding, making it an exciting field with many poten-
tial areas for future research (Table 1). 

 The role of ER stress in ASMCs in vascular disease is far 
from understood. Current data suggest that ER stress in 
ASMCs is likely involved in vascular disease, however, with 
only a few exceptions, the studies described in this review 
provide few mechanistic insights and therefore many ques-
tions remain to be answered. 

 The issue of highest importance is establishing whether 
ER stress in ASMCs is a cause or a secondary effect of 
pathological processes in the vessel wall.  The majority of 
the evidence suggests that ER stress causes pathological 
changes in ASMC function and phenotype, but it is clear that 
the role of ER stress signalling is not straightforward and 
disease-specific pathways are likely. Moreover, some key 
ASMC functions were studied in certain disease contexts, 
but not others. For example the relationships between ER 
stress and proliferation or senescence have been studied in 
the context of atherosclerosis, hypertension and aortic aneu-
rysms, but not calcification. In addition, data is lacking on 
many of the ER stress activation pathways.  To date most 
studies have focussed on the PERK-eIF2α-ATF4-CHOP 
pathway, with no or little mention of IRE1 or ATF6 activa-
tion. It is unclear whether they were not looked at or authors 
are reluctant to publish negative results. Experiments explor-
ing the effects of blocking specific UPR pathways in the 
vascular system are now needed. In addition, other ER stress 
pathways exist, that have not been studied in ASMCs, such 
as the role of PTP1B [141] and many known inducers of 
vascular disease, such as inorganic phosphate, have not been 
examined for their potential in activating ER stress. 

 It is interesting to note that ER stress is activated in many 
models of diabetes [66, 67, 81, 83], which is known to cause 
vascular disease [105]. In addition, many factors discussed 
here, that were shown to activate ER stress in the vascula-
ture, are also relevant to diabetes, for example oxidative 
stress or dyslipidemia. However, again, the mechanisms 
linking this disease with ER stress signalling in ASMCs are 
still mostly unknown.  

 More research is needed to clarify the relationship be-
tween ER stress and oxidative stress in ASMCs. Here we 
cite 9 studies which found causal relationships between these 
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two processes [69, 71, 72, 85, 95, 97, 122, 136, 139]. How-
ever, few studies focus on specific signalling, most used 
general ER stress or oxidative stress inhibitors to confirm 
their findings. Several papers showed evidence of the in-
volvement of JNK, PKCδ, Nox4, ERK and AKT [69, 72, 
136, 139] either downstream or upstream of either stress 
pathway, with little emphasis on the complexity of either and 
other possible mechanisms through which these pathways 
may link or cross-talk. 

 Moreover, to date there is no evidence of a role for ER 
stress in normal physiological processes of ASMCs, even 
though the ER stress sensing machinery is present in these 
cells. Shedding light onto the role of ER stress in ASMC 
development or phenotype switching would help to under-
stand the role of this signalling pathway in pathology. 

 Finally, we would also like to point out that there is not 
enough research on the differences in disease mechanisms 
between men and women and not a single research paper 
cited here reports anything on this topic, suggesting that they 
were not examined. As cardiovascular disease anecdotally 
manifests with different symptoms in men and women, it is 
very well possible it is regulated in part by different mecha-
nisms. Therefore it would be interesting to examine whether 
there are any differences in ER stress. 
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