
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

174,000 190M

TOP 1%154

6,400



1

Chapter

Endoplasmic Reticulum 
Involvement in Heart Injury: An 
Overview
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Abstract

The Endoplasmic Reticulum (ER) is a multifunctional organelle present in the 
cytoplasm of the eukaryotic cells. It is involved in many aspects of cellular physiol-
ogy and it presents important interaction with other cellular organelles. Different 
physiological and/or pathological factors may alter ER morphology and homeostasis, 
resulting in the accumulation of a large number of unfolded/misfolded proteins in 
the ER lumen and so inducing ER stress. Alterations in ER have been found to be 
related to different disorders. In particular, ER stress is implicated in the development 
and progression of various heart injuries, such as myocardial infarction, ischemia/
reperfusion, heart failure, diabetic cardiomyopathy, arrhythmias and cardiotoxicity. 
Furthermore, the efficiency to counteract the ER stress declines significantly dur-
ing the physiopathological aging process. In this chapter, we present the correlation 
between the ER and cardiac injury focusing mainly on the aging process and then 
we report a brief overview of the potential involvement of some bioactive molecules 
as preventive/therapeutic compounds that can contrast heart disorders through ER 
modulation.

Keywords: aging, arrhythmias, biomolecules, cardiac hypertrophy, heart, endoplasmic 
reticulum

1. Introduction

The ER is a complex and multifunctional organelle present in the cytosol of the 
eukaryotic cells. This organelle is involved in many aspects of cellular physiology such 
as regulation of calcium, synthesis, transport and folding of protein, synthesis and 
metabolism of steroids and lipids and, not to be underestimated, it has important 
interaction with other cellular organelles [1, 2]. The ER is composed of a continuous 
lipid bilayer that encloses a luminal space [3–6]. It is morphologically characterized 
by a membrane system with two major shaped domains: the nuclear envelope and 
the peripheral ER which includes rough leaves and smooth tubules [7]. The nuclear 
envelope consists of ER membrane wrapped around DNA and various nuclear 
elements and it is organized in two continuous flat cisternae sheets surrounding the 
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nucleus, defined outer and inner nuclear membranes [6, 8]; while the peripheral 
ER presents cisternae and an interconnected nuclear network of tubules [5, 9–11]. 
The nuclear envelope pores selectively control the transport of molecules inside and 
outside the nucleus. The inner and outer nuclear membranes are ample flat sheet-
like cisternae stacked over each other and separated by the internuclear membrane 
space. Historically, ER cisternae have been classified as ribosome bound: “rough ER 
- RER” or ribosome-free: “smooth ER - SER” [10]. The RER presents many ribosomes 
associated to the membrane surface and extends from the nuclear envelope to the cell 
periphery, so defining specialized areas for protein synthesis, folding and degrada-
tion. Furthermore, the outer membrane of the nuclear envelope may be considered as 
part of the RER domain because it is physically continuous with the RER membranes 
[12]. The SER is composed of irregular and convoluted tubules without associated 
ribosomes. However, it is continuous with the RER and the majority of proteins in this 
compartment come from the RER domain [13]. SER includes membranes specialized 
for drug metabolism and steroid synthesis, as well as tubulovesicular elements form-
ing ER exit sites [14]. Differences in membrane curvature ulteriorly differentiate the 
RER and SER subdomains [11]. The different ER membranes organization in domains 
or regions observed among different cell types correlates strictly with their functions: 
cells specialized to the production, storage and secretion of proteins, such as exocrine 
cells, are rich in RER; whereas, endocrine cells that synthesize steroid hormones and 
muscle cells are rich in SER [15, 16]. Furthermore, the previously described distri-
bution of RER and SER is clearly observed in hepatocytes, neurons and endocrine 
cells; however, in some cells there is not a clear distinction between both domains 
and so tubules with associated ribosomes are mixed with tubules without associated 
ribosomes.

As previously depicted, the structure of the ER is complex due to the various 
distinct domains present within one continuous membrane bilayer. These domains 
are shaped by interactions with the cytoskeleton, by proteins that stabilize mem-
brane shape and by a homotypic fusion machinery that allows the ER membrane to 
maintain its morphology. The ER also contains domains that control the interaction 
with other organelles, such as the Golgi apparatus, endosomes, mitochondria, lipid 
droplets and peroxisomes [9, 10, 17]. The purpose of differently shaped ER domains 
is still under evaluation to better clarify also the related functions. Figure 1 schemati-
cally reported the main ER specialized domains, the ER compartmentalization with 
the nuclear membrane and its interaction with cellular organelles.

Different physiological and/or pathological factors may alter ER morphology 
and homeostasis, resulting in the accumulation of a large number of unfolded or 
misfolded proteins in the ER lumen and so inducing ER stress (Figure 2) [18–20]. 
Alteration in ER has been found to be related with different disorders [4, 21]; in 
fact, in various pathologies the morphology/structure of ER was abnormal and 
various mutation in morphology-regulating proteins have been observed, indicat-
ing that morphology and functions of the ER are intrinsically linked. Furthermore, 
in chronic conditions, a persistent ER stress can induce and exacerbate cellular and 
tissue senescence accelerating the aging-related process [21, 22]. To counteract ER 
stress and reduce the synthesis of proteins, cells activate an endogenous adaptive 
stress response defined Unfolded Protein Reaction (UPR). During this adaptive 
mechanism, ER showed an increased expression of folding protein and degradation 
of protein related genes [19, 23]. Therefore, ER stress is an adaptive cell mechanism 
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Figure 2. 
Cardiomyocyte senescence’s markers and regulation of aging process by endoplasmic reticulum stress. Metabolic 
alterations, oxidative stress, toxins and viruses can induce endoplasmic reticulum stress and activate the unfolded 
protein reaction via PERK signaling pathway leading to heart injury. ER: Endoplasmic reticulum; PERK: Protein 
kinase RNA-activated (PKR)-like ER kinase; UPR: Unfolded protein reaction.

Figure 1. 
Schematic representation of the main endoplasmic reticulum specialized domains, the endoplasmic reticulum 
compartmentalization with the nuclear membrane and its interaction with cellular organelles. RER: Ribosome-
free endoplasmic reticulum; SER: Smooth endoplasmic reticulum.
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activated to restore the ER morphology and functions by triggering UPR; whereas the 
persistence of the ER stress is deleterious and induces cell apoptosis [24–26]. To date 
many studies are focused on ER (stress) as a possible target strategy to counteract 
various diseases progression and drug resistance by hitting UPR components and the 
complex interplay between UPR, autophagy and apoptosis. The UPR may be activated 
by different sensors: Inositol Requiring Enzyme1 (IRE1), Activating Transcription 
Factor6 (ATF6) and Protein Kinase RNA-activated (PKR)-like ER Kinase (PERK), 
leading to transcriptional and translational reprogramming to counteract unfolded 
proteins accumulation and upregulating the expression of UPR-related proteins and 
proteins of the autophagy-related pathway [27]. PERK is involved in a pro-survival 
pathway, but it can also promote apoptosis through the activation of CHOP, the main 
mediator of apoptosis induced by the UPR [28, 29]. CHOP induces the expression of 
ER Oxidoreductase 1 alpha (ERO1α), which promotes cell death through the hyper-
oxidation of ER proteins [30]. CHOP also participates in the regulation of autophagy, 
self-digestive intracellular process through which cells recycle organelles and dam-
aged or unnecessary proteins [31–33]. Prolong ER stress, oxidative stress and inflam-
mation are typical features of many pathologies, including metabolic diseases and 
different age-related diseases, such as neurodegenerative disorders, various cancers 
and cardiovascular diseases [22, 34]. Various studies have demonstrated that damage 
at myocardial tissue level is characterized by accumulation, at ER level, of ubiquiti-
nated proteins and this accumulation at ER level promotes ER stress which, in turn, 
induces the release of ER-related apoptotic proteins thus contributing, in a vicious 
cycle, to heart injury [35–37].

Furthermore, autophagy is a crucial process involved also in the development of 
cardiovascular diseases [38]. A variety of autophagy proteins are localized at the ER 
level and originate from mitochondrial-associated ER membrane (ER interaction site 
with mitochondria) [39]. ER is one of the membrane donors required for the forma-
tion of autophagosomes, double-membrane vesicles involved in autophagy [40, 41].

Furthermore, ER stress is progressively increased during the physiopathological 
aging process also at heart level. The modulation of ER stress and an enhancement of 
the intensity of UPR adaptive stress response could be valid strategies to prevent/treat 
different diseases.

In the following paragraphs, we present the main ER alterations correlated with 
cardiac injury focusing mainly on the physiopathological process of aging and then 
we report a brief overview of the potential involvement of bioactive molecules as 
preventive/therapeutic compounds that can contrast heart disorders through ER 
modulation.

2. Endoplasmic reticulum and heart injury

Cardiovascular diseases are to date the leading morbidity and mortality burden in 
the world [42–44]. The molecular mechanism(s) involved in the pathogenetic pro-
cesses of cardiac disorders are not fully understood. Age-related changes contribute 
to reduce heart capacity to adapt to different physiological and pathological factors 
and, in turn, the ability to restore the “normal” morphology and functions is reduced/
impaired [45, 46]. Notably, aging promotes alteration of mitochondrial function, 
condition strictly linked to increased reactive oxygen species production and oxidative 
stress (which play a fundamental role in aging-related diseases). In addition, elevated 
levels of oxidative and nitrosative stress occur in parallel with ER stress [45, 47] and, 
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therefore, aging-induced ER stress may contribute to mitochondrial dysfunction [36]. 
In the last decade, various studies have reported that ER stress, mitochondrial injury 
and oxidative stress are involved in the development and progression of a various heart 
diseases, such as myocardial infarction, cardiac hypertrophy, ischemia/reperfusion, 
heart failure, diabetic cardiomyopathies, arrhythmias and cardiotoxicity [48–51]. 
Furthermore, the cell ability to counteract the ER stress and the efficacy of the UPR 
signaling adaptive response decline significantly during aging [45]. The UPR is, in fact, 
fundamental for maintaining heart health because cardiomyocytes lack the ability 
to replicate or efficiently repair themselves, making them deficient in regenerative 
capability [52]. If ER stress becomes too severe, the UPR signaling adaptive response 
leads to cell death through apoptosis or autophagy processes [29, 53]. During ER stress, 
IRE1 binds to Tumor Necrosis Factor-Receptor-Associated Factor 2 (TRAF2) which in 
turn activates the Apoptosis Signal-Regulating Kinase 1 (ASK1), a Mitogen-Activated 
Protein (MAP) Kinase Kinase Kinase (MAP3K). The IRE1-TRAF2-ASK1 complex 
promotes the activation of p38 and c-Jun N-terminal Kinase (JNK), known apoptosis-
regulating MAP kinases (MAPK) [54]. In particular, JNK and p38 may be activated 
in response to a variety of cell stresses, including oxidative stress, DNA damage and 
inflammatory cytokines [55]. Under physiological conditions, glucose-regulated pro-
tein (GRP)78, a mediator of the UPR, binds to PERK, IRE1 or ATF6 forming a stable 
and inactive complex which inhibits the transmission of the downstream signals. When 
the UPR is promoted, GRP78 disassociates from this complex and binds to unfolded or 
misfolded proteins, activating downstream cascade reactions and promoting cell death 
[56–58]. It is fundamental to underline that this adaptive process involves a complex 
correlation between autophagy and apoptosis, fundamental to determine cell fate in 
response to ER stress. In fact, autophagy promotes cell survival through degradation 
of misfolded proteins that have been retained in the ER or induces cell death through 
the autophagy process [52]. Understanding how to suppress IRE1 activity and related 
downstream pathway to inhibit ER stress-induced apoptosis and autophagy-related cell 
death is of fundamental importance. Xue et al. [59] observed that Activin A, a member 
of the transforming growth factor-beta superfamily, has important neuroprotective 
effects against ER stress-mediated apoptosis and autophagy by inhibiting the activation 
of the IRE1-TRAF2-ASK1-JNK/p38 complex in vitro. This will be an important starting 
point for better understanding how to modulate ER stress and related injuries.

Therefore, investigate the ER stress also in aging-related heart injury is actually an 
important research focus which needs more studies.

For the first time, Sreedhar et al. [60] identified the involvement of ER stress-
induced apoptosis in the hearts of SAMP8 mice, known aging mouse model [61, 62], 
demonstrating that ER is an important factor in cardiac aging. In particular, SAMP8 
mice showed an increased p38 expression at heart level, suggesting a relation between 
MAPK signaling cascade and ER stress. At heart level, the SAMP8 mice presented 
elevated expression of the pro-apoptotic transcription factor CHOP and caspases, 
highlighting that p38 induces ER stress-related apoptosis. Currently, a weak/moderate 
ER stress is considered beneficial for heart function by restoring ER morphology and 
homeostasis and protecting cardiomyocytes through an adaptive mechanism. On the 
contrary, a prolonged and severe ER stress promotes cardiomyocyte death [63–65]. 
Notably, mitochondrial damage and ER stress have been well recognized as important 
cardiac ischemia/reperfusion injury upstream factors controlling the cardiomyocyte 
death [20, 66]. Aging decreases the efficacy of the endogenous adaptive response and 
increases ER-mediated myocardial apoptotic signaling after ischemic/reperfusion 
injuries [24, 67].
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Cardiomyopathy is the most common cause of morbidity and mortality in 
diabetic patients [68]. Diabetic conditions promote ER stress response by oxida-
tive mechanisms which contribute to eliminate unhealthy cells and lead to diabetic 
cardiomyopathy development. Such conditions have been shown to promote cardiac 
hypertrophy, collagen deposition, stiffness and so important cardiac dysfunction. ER 
stress activation indeed has been observed in both hypertrophic and failing hearts 
[20, 68, 69]. Accumulating studies have demonstrated that the ER stress response is 
also involved in the cardiac hypertrophy progression which is typically characterized 
by increased size of cardiomyocyte, interstitial fibrosis, apoptosis and contractile 
dysfunction [43, 70]. STING, an ER-resident protein regulating innate immunity, is 
highly expressed in hearts of patients with dilated cardiomyopathy or hypertrophic 
cardiomyopathy [71]. In addition, Zhang et al. [71] reported that STING knockout 
attenuated cardiac hypertrophy induced by aortic banding showing a significant 
alteration of cardiomyocyte size, ER stress and hypertrophic markers expression. 
Moreover, STING deletion significantly reduced inflammation and fibrosis at heart 
level. The authors so concluded that the modulation of STING expression was, at least 
in part, regulated by ER stress, underling its important contribution in the cardiac 
hypertrophy progression. Furthermore, Yao et al. reported a fundamental physiologi-
cal role of AGGF1: it may regulate ER stress signaling and blocking ER stress-induced 
apoptosis in cardiac hypertrophy [51]. The authors described that ER stress induces 
the downregulation of AGGF1 level in a mouse model and human patients with heart 
failure. In detail, AGGF1 regulates ER stress signaling through CHOP pathway and 
so inhibits ER stress-induced apoptosis. Liu et al. [72] observed that the expression 
of SOCS3, a mechanical stress inducible gene, is involved in hypertrophic hearts after 
2 weeks of transverse aortic constriction, well-established animal model of pres-
sure overload-induced cardiac hypertrophy [72, 73]. Pressure overload promotes ER 
stress-induced apoptosis of cardiomyocytes, leading to cardiac hypertrophy and heart 
failure [74]. In detail, the authors observed that SOCS3-GRP78-ER stress signaling 
promotes the transition from cardiac hypertrophy to heart failure during pressure 
overload in vivo. In fact, prolonged pressure overload significantly decreases SOCS3 
expression that, acting as a negative regulator of cardiac hypertrophy, interacts with 
GRP78 and induces GRP78 ubiquitination and proteasomal degradation so modulat-
ing ER stress. Moreover, cardiac-specific SOCS3 knockout mice presented significant 
cardiac hypertrophy, chamber dilatation and abnormal myofilament calcium sensi-
tivity after pressure overload. Notably, the treatment of mice with 4-phenylbutyric 
acid, a short chain fatty acid that is clinically used to treat urea cycle disorders, for 
4 weeks attenuates ER stress and related downstream pathways targeting GRP78 and 
so determining inhibition of cardiac hypertrophy and dysfunction.

STING, AGGF1 and SOCS3 may represent new targets not only for cardiovascular 
diseases, but also for other diseases associated with ER stress.

During aging, the proteostasis network becomes unable to maintain proteostasis 
and key UPR molecules, such as PERK, are damaged leading to misfolded proteins 
accumulation within the ER [75–78]. Age-related injury due to protein misfolding, 
aggregating proteins and dysfunctional UPR sensors has been shown to lead to diabetes 
mellitus, neurodegeneration, cancer, heart diseases and arrhythmias [75, 77]. Due to 
the strict morphological and functional link between ER protein and calcium homeo-
stasis, mounting evidences report that prolonged ER stress is correlated with heart 
arrhythmic risk via perturbed redox status within the ER as well as downregulation 
of cardiac ion channel proteins. Furthermore, UPR is involved directly and indirectly 
in proarrhythmic cardiac remodeling through UPR-induced oxidative stress, altered 
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glycosylation and modulation of ion channels involved in excitation-contraction 
(including ER calcium handling proteins) [72], so ulteriorly correlating ER stress to 
heart arrhythmias. Importantly, inhibition of PERK may prevent downregulation of 
these channels, attenuate aberrant electrical remodeling, reduce ventricular arrhythmia 
inducibility and improve survival after myocardial infarct in vivo. Therefore, it is fun-
damental that cardiomyocytes carefully balance the UPR to safely counteract ER stress 
and maintain proteostasis [78]. Recently, Nakamura et al. [70] reported that ER stress, 
activating nuclear factor-kappa B (NF-kB) pathway, promotes ventricular arrhythmia 
in failing hearts via the cardiac dopamine receptor D1 (D1R) upregulation. D1R is 
upregulated in cardiomyocytes of failing hearts (in mice and humans) leading to heart 
failure-associated ventricular arrhythmia. ER stress-induced NF-κB signaling pathway 
could potentially serve as a target to improve the prognosis of heart failure patients 
[79]. Moreover, Hamilton et al. [80] recently observed a novel association interacting 
complex Ryanodine Receptor (RyR2)-Endoplasmic Reticulum protein44 (ERp44) 
which may be stabilized by Ero1α in cardiac hypertrophy. Cardiac hypertrophy-medi-
ated upregulation of Ero1α results in the removal of ERp44 from the complex, inducing 
RyR2 dysfunction. This dysfunction increases the risk of calcium-dependent ventricu-
lar arrhythmias. The authors, notably, concluded that Ero1α may be a promising target 
to reduce arrhythmogenesis and to improve cardiac function during hypertrophy and 
heart failure, without disturbing the finely balanced intra-ER redox environment.

Autophagy is also impaired in arrhythmogenic cardiomyopathy. Pitsch et al. [81] 
observed, in an animal model of arrhythmogenic cardiomyopathy, signs of increased 
autophagy prior to structural disease onset in the “normal”-appearing mutant 
myocardium. In particular, the authors reported, at heart level, numerous autophagy-
related vacuoles and the upregulation of autophagy during onset and progression 
of the arrhythmogenic cardiomyopathy. Furthermore, ventricles presented elevated 
expression of the pro-apoptotic ER stress marker CHOP both at disease onset and 
during chronic disease progression. In addition, reduced Ryr2 mRNA expression 
together with severe enlarged ER cisternae underlined ER dysfunction.

Furthermore, it has been documented that ER stress is involved also in cardiotox-
icity and heart injury that potentially may evolve into heart failure. Interestingly, Ni 
et al. [82] observed upregulation of ER chaperones in patients with end-stage heart 
failure. In detail, the authors investigated the expression of various ER stress factors 
in hearts of 4 patients subjected to heart transplantation who suffered from dilated 
cardiomyopathy with end-stage heart failure and 9 patients undergoing mitral valve 
replacement, as well as 4 healthy subjects. This study, interestingly, reported a signifi-
cant upregulation of the phosphorylated level of PERK together with c-Jun phos-
phorylation in failing hearts compared with healthy hearts. These results indicated 
that prolonged ER stress and associated apoptosis are general occurrence in human 
failing hearts. Similar results were subsequently found in isoproterenol-stimulated 
cardiomyocytes and in a rat model of heart failure after abdominal aortic constriction 
and isoproterenol subcutaneous injection. Furthermore, the authors observed also 
that long-term oral treatment with β-adrenergic receptor blockers inhibits ER stress, 
correlated to cardiac hypertrophy and heart failure.

3. Possible endoplasmic reticulum modulation against heart injury

To date, the protective and therapeutic strategies against cardiovascular diseases 
are not fully efficient and effective especially in elderly people, so amplify the actual 
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knowledge on ER stress involvement in heart injury will be helpful in finding novel 
drug targets. In the last decade, at this aim, different potential therapeutic biomol-
ecules have been investigated; however, there are still many unresolved questions that 
need to be debated and investigated in deep.

Different studies have indicated that sirtuin 1, NAD+-dependent deacetylases 
implicated in many aspects of aging process [83], is involved in the regulation of ER 
stress in cardiomyocytes [84–86]. Hsu et al. [45] hypothesized that sirtuin 1 is able to 
protect aging heart. In detail, the authors observed a significative contractile dys-
function associated with improved ER stress and oxidative stress in aged sirtuin 1−/− 
mouse hearts. The study demonstrated also, in vitro, that a sirtuin 1 activator reduced 
ER stress and myocardial apoptosis induced by oxidative stress; whereas a sirtuin 1 
inhibitor reversed the sirtuin 1 protective effect at cardiomyocytes level. Therefore, 
the development of “drugs” targeting sirtuin 1 could have interesting preventive/
therapeutic potentials against cardiac contractile injury aging-related.

Recently, Monceaux et al. [63] evaluated the ability of ten phenolic phytonutri-
ents (resveratrol, berberine, butein, catechin, ferulic acid, isoliquiritigenin, mal-
vidin, piceatannol, pterostilbene and tyrosol) to modulate ER stress. Interestingly, 
all these bioactive compounds are able to protect the heart from severe ER stress. 
Investigating in deep the mechanisms of action of the phytonutrients, the authors 
reported that ferulic acid, pterostilbene and tyrosol protect cardiomyocytes from 
severe ER stress by selectively downregulating the PERK pathway of the UPR 
signaling through sirtuin 1-mediated deacetylation of the translation initiation 
factor eIF2α (factor which modulates the transcription of UPR target genes, such 
as ATF4). Interestingly, this study reported that ferulic acid, pterostilbene and 
tyrosol, by downregulating the PERK/eIF2α/ATF4 pathway, reduce the level of the 
pro-apoptotic transcription factor CHOP and so limit ER stress-related apoptosis at 
heart level (Figure 3).

Furthermore, Liu et al. [72] evaluated the protective role in reducing the activa-
tion of the UPR under ER stress conditions of Wenxin Granules (mix of five drugs: 
Codonopsis, Rhizoma Polygoni, Panax notoginseng, Amber and Gansong), known 
traditional Chinese medicine with important effects in the inhibition of myocardial 
remodeling, modulation of cardiac conduction systems and heart arrhythmias 
[87, 88]. The authors performed an in vivo study with a rat model of myocardial 
infarction obtained through the ligation of the anterior descending branch of the left 
coronary artery and Wenxin Granules were administered intragastrically once per 
day for two consecutive weeks. In detail, the human daily dose of Wenxin Granules 
was converted into an equivalent dose for rats (approximately 6 times the human dose 
for the low-dose group and approximately 12 times the human dose for the high-
dose group). Compared with the sham operated group, the myocardial infarction 
model group showed larger hearts and a significant increase of the left ventricular 
inner diameter; whereas Wenxin Granules improved significantly the morphologi-
cal myocardial alteration observed in the infarction model group. Furthermore, the 
myocardial infarction model group presented elevated expression levels of the ER 
stress proteins GRP78, PERK, ATF6 and XBP1 and, notably, the expression levels of 
the ER stress pathway proteins were reduced after Wenxin Granules administration. 
Furthermore, the expression levels of the apoptotic CHOP and Bax in the myocardial 
infarction model group significantly increased compared with the sham group, 
whereas the Bcl-2/Bax ratio significantly decreased. Notably, Wenxin Granules were 
able to improve ventricular remodeling, prevented the excessive ER stress-mediated 
UPR activation and inhibited myocardial cell apoptosis [72].
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Recently, Tu et al. [89] analyzed for the first time the effects of fish oil against 
atrial fibrillation vulnerability by reducing ER stress in a canine model. The atrial 
fibrillation model animals were obtained using long-term rapid atrial pacing; the 
animals were fed with a chow supplemented with fish oil (0.6 dietary ω-3 fatty 
acids/kg/day) and initiated the treatment 1 week before surgery and continued for 
4 weeks post-surgery. The fish oil treatment not only reduced myocardial ER stress, 
but decreased also pro-inflammatory factors, calcium handling-related proteins and 
reversed the elevated level of CHOP and caspase12 in the atrial fibrillation group, so 
significantly reduced atrial fibrillation inducibility and duration.

4. Conclusion

The actual knowledge on the role of ER stress in heart injury are mainly from in 
vivo animal studies, so the understanding of the ER and UPR involvement in human 
diseases is still limited. Due to that, ER stress plays a central role in heart injury devel-
opment, ER stress inhibitors could be important for preventive/therapeutic interven-
tions. The development of novel therapeutic/protective approaches modulating the 
ER stress pathway may reduce the drain of health care costs and resources resulting 
from the worldwide spread against cardiovascular diseases.

Figure 3. 
Polyphenol cardioprotection’s mechanism against endoplasmic reticulum stress. Pterostilbene, tyrosol and ferulic 
acid protect cardiomyocytes downregulating the PERK signaling pathway mediated by sirtuin 1. This pathway 
decreases the expression of ATF4 and CHOP inhibiting apoptosis and cardiac dysfunction. Modified from 
Monceaux et al. [63]. ATF4: Activating transcription factor4; ER: Endoplasmic reticulum; PERK: Protein kinase 
RNA-activated (PKR)-like ER kinase.



Updates on Endoplasmic Reticulum

10

Author details

Gaia Favero1,2*, Francesca Bonomini1,2,3, Marzia Gianò1 and Rita Rezzani1,2,3

1 Anatomy and Physiopathology Division, Department of Clinical and Experimental 
Sciences, University of Brescia, Italy

2 Interdepartmental University Center of Research "Adaptation and Regeneration of 
Tissues and Organs (ARTO)", University of Brescia, Italy

3 Italian Society of Orofacial Pain (SISDO), Brescia, Italy

*Address all correspondence to: gaia.favero@unibs.it

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Endoplasmic Reticulum Involvement in Heart Injury: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.111772

11

References

[1] Cohen S, Valm AM, 
Lippincott-Schwartz J. Interacting 
organelles. Current Opinion in Cell 
Biology. 2018;53:84-91. DOI: 10.1016/j.
ceb.2018.06.003

[2] Schwarz DS, Blower MD. The 
endoplasmic reticulum: Structure, 
function and response to cellular 
signaling. Cellular and Molecular Life 
Sciences. 2016;73:79-94. DOI: 10.1007/
s00018-015-2052-6

[3] Bai L, You Q, Feng X, Kovach A, Li H. 
Structure of the ER membrane complex, 
a transmembrane-domain insertase. 
Nature. 2020;584:475-478. DOI: 10.1038/
s41586-020-2389-3

[4] Perkins HT, Allan V. Intertwined and 
finely balanced: Endoplasmic reticulum 
morphology, dynamics, function, 
and diseases. Cell. 2021;10:2341. 
DOI: 10.3390/cells10092341

[5] Sun S, Tang X, Guo Y, Hu J. 
Endoplasmic reticulum composition 
and form: Proteins in and out. Current 
Opinion in Cell Biology. 2021;71:1-6. 
DOI: 10.1016/j.ceb.2021.01.008

[6] Voeltz GK, Prinz WA, Shibata Y,  
Rist JM, Rapoport TA. A class of 
membrane proteins shaping the 
tubular endoplasmic reticulum. Cell. 
2006;124:573-586. DOI: 10.1016/j.
cell.2005.11.047 Erratum in: Cell. 
2007;130(4):754

[7] Silva-Palacios A, Zazueta C, 
Pedraza-Chaverri J. ER membranes 
associated with mitochondria: Possible 
therapeutic targets in heart-associated 
diseases. Pharmacological Research. 
2020;156:104758. DOI: 10.1016/j.
phrs.2020.104758

[8] Lu L, Ladinsky MS, Kirchhausen T.  
Cisternal organization of the 
endoplasmic reticulum during 
mitosis. Molecular Biology of the Cell. 
2009;20(15):3471-3480. DOI: 10.1091/
mbc.e09-04-0327

[9] Almeida C, Amaral MD. A central role 
of the endoplasmic reticulum in the cell 
emerges from its functional contact sites 
with multiple organelles. Cellular and 
Molecular Life Sciences. 2020;77:4729-
4745. DOI: 10.1007/s00018-020-03523-w

[10] English AR, Voeltz GK. 
Endoplasmic reticulum structure and 
interconnections with other organelles. 
Cold Spring Harbor Perspectives in 
Biology. 2013;5:a013227. DOI: 10.1101/
cshperspect.a013227

[11] Shibata Y, Voeltz GK, Rapoport TA. 
Rough sheets and smooth tubules. 
Cell. 2006;126:435-439. DOI: 10.1016/j.
cell.2006.07.019

[12] Mehrtash AB, Hochstrasser M. 
Ubiquitin-dependent protein degradation 
at the endoplasmic reticulum and 
nuclear envelope. Seminars in Cell & 
Developmental Biology. 2019;93:111-124. 
DOI: 10.1016/j.semcdb.2018.09.013

[13] Sanvictores T, Davis DD. Histology, 
Rough Endoplasmic Reticulum. Treasure 
Island (FL): StatPearls Publishing; 2023

[14] Balla T, Kim YJ, Alvarez-Prats A, 
Pemberton J. Lipid dynamics at contact 
sites between the endoplasmic 
reticulum and other organelles. Annual 
Review of Cell and Developmental 
Biology. 2019;35:85-109. DOI: 10.1146/
annurev-cellbio-100818-125251

[15] Conte E, Dinoi G, Imbrici P, De 
Luca A, Liantonio A. Sarcoplasmic 



Updates on Endoplasmic Reticulum

12

reticulum Ca2+ buffer proteins: A 
focus on the yet-to-Be-explored role 
of sarcalumenin in skeletal muscle 
health and disease. Cell. 2023;12(5):715. 
DOI: 10.3390/cells12050715

[16] Wray S, Burdyga T. Sarcoplasmic 
reticulum function in smooth muscle. 
Physiological Reviews. 2010;90(1):113-
178. DOI: 10.1152/physrev.00018.2008

[17] Lee JE, Cathey PI, Wu H,  
Parker R, Voeltz GK. Endoplasmic 
reticulum contact sites regulate 
the dynamics of membraneless 
organelles. Science. 2020;367:eaay7108. 
DOI: 10.1126/science.aay7108

[18] Hetz C, Zhang K, Kaufman RJ. 
Mechanisms, regulation and functions 
of the unfolded protein response. 
Nature Reviews. Molecular Cell 
Biology. 2020;21:421-438. DOI: 10.1038/
s41580-020-0250-z

[19] Li B, Zhang T, Tang M. Toxicity 
mechanism of nanomaterials: Focus on 
endoplasmic reticulum stress. Science of 
the Total Environment. 2022;834:155417. 
DOI: 10.1016/j.scitotenv.2022.155417

[20] Yarmohammadi F, Hayes AW, 
Karimi G. The cardioprotective effects 
of hydrogen sulfide by targeting 
endoplasmic reticulum stress and 
the Nrf2 signaling pathway: A 
review. BioFactors. 2021;47:701-712. 
DOI: 10.1002/biof.1763

[21] Ghemrawi R, Khair M. Endoplasmic 
reticulum stress and unfolded protein 
response in neurodegenerative diseases. 
International Journal of Molecular 
Sciences. 2020;21:6127. DOI: 10.3390/
ijms21176127

[22] Salminen A, Kaarniranta K,  
Kauppinen A. ER stress activates 
immunosuppressive network: 
Implications for aging and Alzheimer's 

disease. Journal of Molecular Medicine 
(Berlin, Germany). 2020;98:633-650. 
DOI: 10.1007/s00109-020-01904-z

[23] Read A, Schröder M. The unfolded 
protein response: An overview. Biology 
(Basel). 2021;10:384. DOI: 10.3390/
biology10050384

[24] Demirel-Yalciner T, Sozen E, 
Ozer NK. Endoplasmic reticulum stress 
and miRNA impairment in aging 
and age-related diseases. Frontiers in 
Aging. 2022;2:790702. DOI: 10.3389/
fragi.2021.790702

[25] Hossain MS, Kader MA, Goh KW, 
Islam M, Khan MS, Harun-Ar Rashid M, 
et al. Herb and spices in colorectal cancer 
prevention and treatment: A narrative 
review. Frontiers in Pharmacology. 
2022;13:865801. DOI: 10.3389/
fphar.2022.865801

[26] Rellmann Y, Eidhof E, Dreier R. 
Review: ER stress-induced cell death 
in osteoarthritic cartilage. Cellular 
Signalling. 2021;78:109880. 
DOI: 10.1016/j.cellsig.2020.109880

[27] Pires Da Silva J, Monceaux K, 
Guilbert A, Gressette M, Piquereau J, 
Novotova M, et al. SIRT1 protects the 
heart from ER stress-induced injury 
by promoting eEF2K/eEF2-dependent 
autophagy. Cell. 2020;9(2):426. 
DOI: 10.3390/cells9020426

[28] Sano R, Reed JC. ER stress-induced 
cell death mechanisms. Biochimica et 
Biophysica Acta. 2013;1833(12):3460-
3470. DOI: 10.1016/j.bbamcr.2013.06.028

[29] Szegezdi E, Logue SE, Gorman AM, 
Samali A. Mediators of endoplasmic 
reticulum stress-induced apoptosis. 
EMBO Reports. 2006;7(9):880-885. 
DOI: 10.1038/sj.embor.7400779

[30] Sisinni L, Pietrafesa M, Lepore S, 
Maddalena F, Condelli V, Esposito F, et 



Endoplasmic Reticulum Involvement in Heart Injury: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.111772

13

al. Endoplasmic reticulum stress and 
unfolded protein response in breast 
cancer: The balance between apoptosis 
and autophagy and its role in drug 
resistance. International Journal of 
Molecular Sciences. 2019;20(4):857. 
DOI: 10.3390/ijms20040857

[31] Bahamondes Lorca VA, 
Wu S. Ultraviolet light, unfolded protein 
response and autophagy. Photochemistry 
and Photobiology. 2023;99(2):498-508. 
DOI: 10.1111/php.13777

[32] Preston GM, Brodsky JL. The 
evolving role of ubiquitin modification 
in endoplasmic reticulum-associated 
degradation. The Biochemical Journal. 
2017;474(4):445-469. DOI: 10.1042/
BCJ20160582

[33] Wek RC, Cavener DR. Translational 
control and the unfolded protein 
response. Antioxidants & Redox 
Signaling. 2007;9(12):2357-2371. 
DOI: 10.1089/ars.2007.1764

[34] Xiang C, Wang Y, Zhang H, 
Han F. The role of endoplasmic reticulum 
stress in neurodegenerative disease. 
Apoptosis. 2017;22:1-26. DOI: 10.1007/
s10495-016-1296-4

[35] Jong CJ, Ito T, Prentice H, Wu JY, 
Schaffer SW. Role of mitochondria 
and endoplasmic reticulum in taurine-
deficiency-mediated apoptosis. 
Nutrients. 2017;9:795. DOI: 10.3390/
nu9080795

[36] Thompson J, Maceyka M, Chen Q.  
Targeting ER stress and calpain 
activation to reverse age-dependent 
mitochondrial damage in the 
heart. Mechanisms of Ageing and 
Development. 2020;192:111380. 
DOI: 10.1016/j.mad.2020.111380

[37] Wang Y, Cui L, Xu H, Liu S, Zhu F, 
Yan F, et al. TRPV1 agonism inhibits 

endothelial cell inflammation 
via activation of eNOS/NO 
pathway. Atherosclerosis. 
2017;260:13-19. DOI: 10.1016/j.
atherosclerosis.2017.03.016

[38] Del Re DP, Amgalan D,  
Linkermann A, Liu Q, Kitsis RN. 
Fundamental mechanisms of regulated 
cell death and implications for heart 
disease. Physiological Reviews. 
2019;99(4):1765-1817. DOI: 10.1152/
physrev.00022.2018

[39] Qu J, Li M, Li D, Xin Y, Li J, Lei S, 
et al. Stimulation of Sigma-1 receptor 
protects against cardiac fibrosis by 
alleviating ire1 pathway and autophagy 
impairment. Oxidative Medicine and 
Cellular Longevity. 2021;2021:8836818. 
DOI: 10.1155/2021/8836818

[40] Hamasaki M, Furuta N, Matsuda A,  
Nezu A, Yamamoto A, Fujita N, et al.  
Autophagosomes form at ER-mitochondria 
contact sites. Nature. 2013;495(7441):389-
393. DOI: 10.1038/nature11910

[41] Wei Y, Liu M, Li X, Liu J, Li H. 
Origin of the autophagosome membrane 
in mammals. BioMed Research 
International. 2018;2018:1-9. 
DOI: 10.1155/2018/1012789

[42] Andersson C, Vasan RS. 
Epidemiology of cardiovascular disease 
in young individuals. Nature Reviews. 
Cardiology. 2018;15:230-240. 
DOI: 10.1038/nrcardio.2017.154

[43] Liu S, Li Y, Zeng X, Wang H, Yin P, 
Wang L, et al. Burden of cardiovascular 
diseases in China, 1990-2016: Findings 
from the 2016 global burden of disease 
study. JAMA Cardiology. 2019;4:342-352. 
DOI: 10.1001/jamacardio.2019.0295

[44] Zhao D, Liu J, Wang M, Zhang X, 
Zhou M. Epidemiology of cardiovascular 
disease in China: Current features 



Updates on Endoplasmic Reticulum

14

and implications. Nature Reviews. 
Cardiology. 2019;16:203-212. 
DOI: 10.1038/s41569-018-0119-4

[45] Hsu YJ, Hsu SC, Hsu CP, Chen YH, 
Chang YL, Sadoshima J, et al. Sirtuin 1 
protects the aging heart from contractile 
dysfunction mediated through the 
inhibition of endoplasmic reticulum 
stress-mediated apoptosis in cardiac-
specific Sirtuin 1 knockout mouse model. 
International Journal of Cardiology. 
2017;228:543-552. DOI: 10.1016/j.
ijcard.2016.11.247

[46] Lakatta EG, Sollott SJ. Perspectives 
on mammalian cardiovascular aging: 
Humans to molecules. Comparative 
Biochemistry and Physiology. Part A, 
Molecular & Integrative Physiology. 
2002;132:699-721. DOI: 10.1016/
s1095-6433(02)00124-1

[47] Pagan LU, Gomes MJ, Gatto M, 
Mota GAF, Okoshi K, Okoshi MP. The 
role of oxidative stress in the aging 
heart. Antioxidants (Basel). 2022;11:336. 
DOI: 10.3390/antiox11020336

[48] Mao W, Fukuoka S, Iwai C, Liu J,  
Sharma VK, Sheu SS, et al. Cardiomyocyte 
apoptosis in autoimmune cardiomyopathy: 
Mediated via endoplasmic reticulum 
stress and exaggerated by norepinephrine. 
American Journal of Physiology. 
Heart and Circulatory Physiology. 
2007;293:H1636-H1645. DOI: 10.1152/
ajpheart.01377.2006

[49] Minamino T, Kitakaze M. ER stress 
in cardiovascular disease. Journal of 
Molecular and Cellular Cardiology. 
2010;48:1105-1110. DOI: 10.1016/j.
yjmcc.2009.10.026

[50] Ochoa CD, Wu RF, Terada LS. ROS 
signaling and ER stress in cardiovascular 
disease. Molecular Aspects of Medicine. 
2018;63:18-29. DOI: 10.1016/j.
mam.2018.03.002

[51] Yao Y, Lu Q, Hu Z, Yu Y, Chen Q, 
Wang QK. A non-canonical pathway 
regulates ER stress signaling and blocks 
ER stress-induced apoptosis and heart 
failure. Nature Communications. 
2017;8:133. DOI: 10.1038/
s41467-017-00171-w

[52] Ren J, Bi Y, Sowers JR, Hetz C, 
Zhang Y. Endoplasmic reticulum stress 
and unfolded protein response in 
cardiovascular diseases. Nature 
Reviews. Cardiology. 2021;18:499-521. 
DOI: 10.1038/s41569-021-00511-w

[53] Momoi T. Conformational 
diseases and ER stress-mediated 
cell death: Apoptotic cell death 
and autophagic cell death. Current 
Molecular Medicine. 2006;6(1):111-118. 
DOI: 10.2174/156652406775574596

[54] Xin Q, Ji B, Cheng B, Wang C, Liu H, 
Chen X, et al. Endoplasmic reticulum 
stress in cerebral ischemia. 
Neurochemistry International. 
2014;68:18-27. DOI: 10.1016/j.
neuint.2014.02.001

[55] Nozaki K, Nishimura M, 
Hashimoto N. Mitogen-activated protein 
kinases and cerebral ischemia. Molecular 
Neurobiology. 2001;23(1):1-19. 
DOI: 10.1385/MN:23:1:01

[56] Arrieta A, Blackwood EA, 
Glembotski CC. ER protein quality 
control and the unfolded protein 
response in the heart. Current 
Topics in Microbiology and 
Immunology. 2018;414:193-213. 
DOI: 10.1007/82_2017_54

[57] Choy KW, Murugan D, Mustafa MR.  
Natural products targeting ER 
stress pathway for the treatment of 
cardiovascular diseases. Pharmacological 
Research. 2018;132:119-129. 
DOI: 10.1016/j.phrs.2018.04.013



Endoplasmic Reticulum Involvement in Heart Injury: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.111772

15

[58] Wang X, Xu L, Gillette TG, Jiang X, 
Wang ZV. The unfolded protein response 
in ischemic heart disease. Journal of 
Molecular and Cellular Cardiology. 
2018;117:19-25. DOI: 10.1016/j.
yjmcc.2018.02.013

[59] Xue LX, Liu HY, Cui Y, Dong Y, 
Wang JQ, Ji QY, et al. Neuroprotective 
effects of Activin a on endoplasmic 
reticulum stress-mediated apoptotic 
and autophagic PC12 cell death. Neural 
Regeneration Research. 2017;12(5):779-
786. DOI: 10.4103/1673-5374.206649

[60] Sreedhar R, Giridharan VV, 
Arumugam S, Karuppagounder V, 
Palaniyandi SS, Krishnamurthy P, et al. 
Role of MAPK-mediated endoplasmic 
reticulum stress signaling in the heart 
during aging in senescence-accelerated 
prone mice. BioFactors. 2016;42:368-375. 
DOI: 10.1002/biof.1280

[61] Davis JA, Paul JR, Mokashi MV, 
Yates SA, Mount DJ, Munir HA, et al. 
Circadian disruption of hippocampus 
in an early senescence male mouse 
model. Pharmacology, Biochemistry, 
and Behavior. 2022;217:173388. 
DOI: 10.1016/j.pbb.2022.173388

[62] Lanz M, Janeiro MH, Milagro FI, 
Puerta E, Ludwig IA, Pineda-Lucena A, 
et al. Trimethylamine N-oxide (TMAO) 
drives insulin resistance and cognitive 
deficiencies in a senescence accelerated 
mouse model. Mechanisms of Ageing 
and Development. 2022;204:111668. 
DOI: 10.1016/j.mad.2022.111668

[63] Monceaux K, Gressette M, 
Karoui A, Pires Da Silva J, Piquereau J, 
Ventura-Clapier R, et al. Ferulic acid, 
pterostilbene, and tyrosol protect 
the heart from ER-stress-induced 
injury by activating SIRT1-dependent 
deacetylation of eIF2α. International 
Journal of Molecular Sciences. 
2022;23:6628. DOI: 10.3390/
ijms23126628

[64] Prola A, Nichtova Z, Pires Da Silva J, 
Piquereau J, Monceaux K, Guilbert A, 
et al. Endoplasmic reticulum stress 
induces cardiac dysfunction through 
architectural modifications and 
alteration of mitochondrial function 
in cardiomyocytes. Cardiovascular 
Research. 2019;115:328-342. 
DOI: 10.1093/cvr/cvy197

[65] Wang S, Binder P, Fang Q, Wang Z,  
Xiao W, Liu W, et al. Endoplasmic 
reticulum stress in the heart: Insights into 
mechanisms and drug targets. British 
Journal of Pharmacology. 2018;175:1293-
1304. DOI: 10.1111/bph.13888

[66] Jin JK, Blackwood EA, Azizi K,  
Thuerauf DJ, Fahem AG, Hofmann C,  
et al. ATF6 decreases myocardial 
ischemia/reperfusion damage and 
links ER stress and oxidative stress 
signaling pathways in the heart. 
Circulation Research. 2017;120:862-875. 
DOI: 10.1161/CIRCRESAHA.116.310266

[67] Ye S, Zhou X, Chen P, Lin JF. 
Folic acid attenuates remodeling and 
dysfunction in the aging heart through 
the ER stress pathway. Life Sciences. 
2021;264:118718. DOI: 10.1016/j.
lfs.2020.118718

[68] Xu J, Zhou Q, Xu W, Cai L.  
Endoplasmic reticulum stress and 
diabetic cardiomyopathy. Experimental 
Diabetes Research. 2012;2012:827971. 
DOI: 10.1155/2012/827971

[69] Yang L, Zhao D, Ren J, Yang J.  
Endoplasmic reticulum stress and 
protein quality control in diabetic 
cardiomyopathy. Biochimica et 
Biophysica Acta. 2015;1852:209-218. 
DOI: 10.1016/j.bbadis.2014.05.006

[70] Nakamura M, Sadoshima J. 
Mechanisms of physiological and 
pathological cardiac hypertrophy. Nature 



Updates on Endoplasmic Reticulum

16

Reviews. Cardiology. 2018;15(7):387-407. 
DOI: 10.1038/s41569-018-0007-y

[71] Zhang Y, Chen W, Wang Y. STING 
is an essential regulator of heart 
inflammation and fibrosis in mice with 
pathological cardiac hypertrophy via 
endoplasmic reticulum (ER) stress. 
Biomedicine & Pharmacotherapy. 
2020;125:110022. DOI: 10.1016/j.
biopha.2020.110022

[72] Liu S, Sun WC, Zhang YL, 
Lin QY, Liao JW, Song GR, et al. SOCS3 
negatively regulates cardiac hypertrophy 
via targeting GRP78-mediated ER 
stress during pressure overload. 
Frontiers in Cell and Development 
Biology. 2021;9:629932. DOI: 10.3389/
fcell.2021.629932

[73] Richards DA, Aronovitz MJ, 
Calamaras TD, Tam K, Martin GL, 
Liu P, et al. Distinct phenotypes induced 
by three degrees of transverse aortic 
constriction in mice. Scientific 
Reports. 2019;9(1):5844. DOI: 10.1038/
s41598-019-42209-7

[74] Okada K, Minamino T, Tsukamoto Y, 
Liao Y, Tsukamoto O, Takashima S, et al. 
Prolonged endoplasmic reticulum stress 
in hypertrophic and failing heart after 
aortic constriction: Possible contribution 
of endoplasmic reticulum stress to 
cardiac myocyte apoptosis. Circulation. 
2004;110(6):705-712. DOI: 10.1161/01.
CIR.0000137836.95625.D4

[75] Chadwick SR, Lajoie P. Endoplasmic 
reticulum stress coping mechanisms and 
lifespan regulation in health and diseases. 
Frontiers in Cell and Development 
Biology. 2019;7:84. DOI: 10.3389/
fcell.2019.00084

[76] Hipp MS, Kasturi P, Hartl FU. The 
proteostasis network and its decline 
in ageing. Nature Reviews. Molecular 

Cell Biology. 2019;20(7):421-435. 
DOI: 10.1038/s41580-019-0101-y

[77] Liu M, Dudley SC Jr. The role 
of the unfolded protein response 
in arrhythmias. Channels (Austin, 
Tex.). 2018;12(1):335-345. 
DOI: 10.1080/19336950.2018.1516985

[78] Sirish P, Diloretto DA, Thai PN, 
Chiamvimonvat N. The critical roles 
of proteostasis and endoplasmic 
reticulum stress in atrial fibrillation. 
Frontiers in Physiology. 2022;12:793171. 
DOI: 10.3389/fphys.2021.793171

[79] Nakamura S, Numata G, 
Yamaguchi T, Tokiwa H, Higashikuni Y, 
Nomura S, et al. Endoplasmic reticulum 
stress-activated nuclear factor-
kappa B signaling pathway induces 
the upregulation of cardiomyocyte 
dopamine D1 receptor in heart failure. 
Biochemical and Biophysical Research 
Communications. 2022;637:247-253. 
DOI: 10.1016/j.bbrc.2022.11.031

[80] Hamilton S, Terentyev D. ER stress 
and calcium-dependent arrhythmias. 
Frontiers in Physiology. 2022;13:1041940. 
DOI: 10.3389/fphys.2022.1041940

[81] Pitsch M, Kant S, Mytzka C, 
Leube RE, Krusche CA. Autophagy and 
endoplasmic reticulum stress during 
onset and progression of arrhythmogenic 
cardiomyopathy. Cell. 2021;11(1):96. 
DOI: 10.3390/cells11010096

[82] Ni L, Zhou C, Duan Q, Lv J, Fu X, 
Xia Y, et al. β-AR blockers suppresses ER 
stress in cardiac hypertrophy and heart 
failure. PLoS One. 2011;6(11):e27294. 
DOI: 10.1371/journal.pone.0027294

[83] Yan J, Wang J, He JC, Zhong Y. 
Sirtuin 1 in chronic kidney disease and 
therapeutic potential of targeting 
sirtuin 1. Frontiers in Endocrinology 
(Lausanne). 2022;13:917773. DOI: 
10.3389/fendo.2022.917773



Endoplasmic Reticulum Involvement in Heart Injury: An Overview
DOI: http://dx.doi.org/10.5772/intechopen.111772

17

[84] Filadi R, Theurey P, Pizzo P. The 
endoplasmic reticulum-mitochondria 
coupling in health and disease: 
Molecules, functions and significance. 
Cell Calcium. 2017;62:1-15. 
DOI: 10.1016/j.ceca.2017.01.003

[85] Gardner BM, Pincus D, Gotthardt K, 
Gallagher CM, Walter P. Endoplasmic 
reticulum stress sensing in the unfolded 
protein response. Cold Spring Harbor 
Perspectives in Biology. 2013;5:a013169. 
DOI: 10.1101/cshperspect.a013169

[86] Giacomello M, Pellegrini L. The 
coming of age of the mitochondria-ER 
contact: A matter of thickness. Cell 
Death and Differentiation. 2016;23:1417-
1427. DOI: 10.1038/cdd.2016.52

[87] Hu D, Barajas-Martínez H, 
Burashnikov A, Panama BK, Cordeiro JM, 
Antzelevitch C. Mechanisms underlying 
atrial-selective block of sodium channels 
by Wenxin Keli: Experimental and 
theoretical analysis. International 
Journal of Cardiology. 2016;207:326-334. 
DOI: 10.1016/j.ijcard.2016.01.016

[88] Wu A, Zhai J, Zhang D, Lou L, 
Zhu H, Gao Y, et al. Effect of wenxin 
granule on ventricular remodeling 
and myocardial apoptosis in rats with 
myocardial infarction. Evidence-based 
Complementary and Alternative 
Medicine. 2013;2013:967986. 
DOI: 10.1155/2013/967986

[89] Tu T, Li B, Li X, Zhang B, Xiao Y, 
Li J, et al. Dietary ω-3 fatty acids reduced 
atrial fibrillation vulnerability via 
attenuating myocardial endoplasmic 
reticulum stress and inflammation in 
a canine model of atrial fibrillation. 
Journal of Cardiology. 2022;79:194-201. 
DOI: 10.1016/j.jjcc.2021.08.012


