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Purpose of Review: This review summarizes the current evidence for the involvement of proteotoxicity and protein quality control systems defects in diseases of the central nervous and cardiovascular systems. Specifically, it presents the commonalities between the pathophysiology of protein misfolding diseases in the heart and the brain.

Recent Findings: The involvement of protein homeostasis dysfunction has been for long time investigated and accepted as one of the leading pathophysiological causes of neurodegenerative diseases. In cardiovascular diseases instead the mechanistic focus had been on the primary role of Ca2+ dishomeostasis, myofilament dysfunction as well as extracellular fibrosis, whereas no attention was given to misfolding of proteins as a pathogenetic mechanism. Instead, in the recent years, several contributions have shown protein aggregates in failing hearts similar to the ones found in the brain and increasing evidence have highlighted the crucial importance that proteotoxicity exerts via pre-amyloidogenic species in cardiovascular diseases as well as the prominent role of the cellular response to misfolded protein accumulation. As a result, proteotoxicity, unfolding protein response (UPR), and ubiquitin-proteasome system (UPS) have recently been investigated as potential key pathogenic pathways and therapeutic targets for heart disease.

Summary: Overall, the current knowledge summarized in this review describes how the misfolding process in the brain parallels in the heart. Understanding the folding and unfolding mechanisms involved early through studies in the heart will provide new knowledge for neurodegenerative proteinopathies and may prepare the stage for targeted and personalized interventions.
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INTRODUCTION

Heart failure (HF) and Alzheimer's disease (AD) are age-dependent diseases that affect millions of people with rapidly increasing incidence. The lifetime risk of developing HF from 45 to 95 years of age is high (20–45%) and the number of death attributable to HF is also substantially high (Benjamin et al., 2019). Meanwhile, the growth prevalence of AD from 65 to 85 years of age is 3–32% and one in three seniors dies with AD or other dementias (2020). Importantly, HF and AD share risk factors in addition to age, which include epidemiological profiles, genetic predisposition, redox characteristics, and protein homeostasis (Ames et al., 1993; Willis and Patterson, 2013; Huang et al., 2016; Benjamin et al., 2019). While dementia has been known to co-occur in patients with HF (1977; Cohen and Mather, 2007; De Toledo Ferraz Alves et al., 2010; Cermakova et al., 2015), evidence showed, only recently, that HF may co-occur in patients with AD (Troncone et al., 2016) with an estimate prevalence of about one third of cases (Reitz et al., 2007).

Key pathological hallmark of AD is the accumulation of protein aggregates as plaques, composed mainly of amyloid beta (Aß), and tangles mostly composed of hyperphosphorylated tau protein, featuring a defect in the folding of proteins and/or failure to correct or clear them. While protein homeostasis (proteostasis) has long been known to play a crucial role in the development of numerous neurodegenerative diseases such as AD, Parkinson's, and Huntington's disease, only recently, the importance of proteostasis has been recognized also for numerous diseases of various organs, including the heart. Those are now clustered as “proteinopathies.”

Proteostatic failure has been shown in several cardiac pathologies, including hypertrophic, dilated and ischemic cardiomyopathies, atrial fibrillation and cardiac amyloidosis (Gorza and Del Monte, 2005; Predmore et al., 2010; Willis and Patterson, 2013; Del Monte and Agnetti, 2014; Rabbani and Thornalley, 2019).

Thus, in this review we summarize the processes of protein folding and misfolding and present the commonalities between the pathophysiology of protein misfolding diseases in the heart and the central nervous system (CNS) (summarized in the graphic abstract in Table 1, Figure 1). We will then focus on the direct link between cardiomyopathy and AD and how this finding is changing the current view of cardiac amyloidosis.


Table 1. Summary and references for the major findings described in the review.
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FIGURE 1. Graphic abstract illustrating the pathways of proteinopathies in the heart and brain.




AGGREGATES: INDEXES OF MISFOLDING—ORIGIN AND CONSEQUENCES IN THE HEART AND BRAIN

Naturally, each protein undergoes a rigorous folding process to acquire its specific (native) conformation, which ultimately dictates the role and the localization of the protein itself (Hartl, 2011). Although folding of proteins is a necessary step for their function, it represents an energetically unfavorable process requiring a crew of facilitator proteins (participating in the protein quality control—PQC—described below) to timely and correctly achieve protein's native conformation. Failure to fold occurs normally, but is accelerated and amplified under conditions of cellular stress or pathological plights leading to misfold of the proteins from their stable and functional conformations and their precipitation as amyloid aggregates.

Amyloid aggregates are formed from misfolded globular, soluble proteins as a result of a combination of various factors including: a constant increase in the concentration of the precursor proteins with/out an acquired or hereditary mutation, an intrinsic propensity to misfold, or a proteolytic remodeling of a wild-type protein into an amyloidogenic fragment (Merlini, 2017; Picken, 2020). Following these processes, misfolded proteins progressively aggregate as soluble mono to poly-mers, protofibrils and ultimately as mature insoluble fibrils.

As misfolded proteins become hydrophobic, insoluble, and very resistant to degradation during the aggregation process, they also become highly reactive and unstable, leading to cellular stress and death and, ultimately, organ dysfunction (Falk et al., 2016; Merlini, 2017; Picken, 2020). Amply reported within different organ systems, pre-fibrillar species such as the soluble pre-amyloid oligomers (PAO) (Cleary et al., 2005; Demuro et al., 2010; Gianni et al., 2010; Del Monte and Agnetti, 2014 and protofibrils exert a potent toxic effect, known as proteotoxicity, driving, or contributing to the progression of the disease (Liao et al., 2001; Shi et al., 2010; Merlini, 2017; Picken, 2020). PAO and other pre-amyloidogenic species have been found to correlate with disease severity independently of amyloid fibril formation (Balducci et al., 2010; Currais et al., 2016; Chen and Mobley, 2019). For instance, a study by Diociaiuti et al., have shown that globular dimers, trimers and tetramers were the most toxic species, while monomers and larger aggregates such as insoluble amyloid plaques are almost inert in cultured primary hippocampal neurons (Diociaiuti et al., 2014; Mclendon and Robbins, 2015).

The mechanism of proteotoxicity was first identified by Demuro who demonstrated that the application of Aß PAO on neuroblastoma cells rapidly induces intracellular Ca2+ release, whereas the increase was not detectable when comparable amounts of monomeric and fibrillar forms were used (Demuro et al., 2005). PAO induced-Ca2+ release leading to cytosolic and organelles Ca2+ overload would in turn worsen the folding of proteins by inducing ER and oxidative stress, ultimately activating several pathogenic and apoptotic pathways. These findings lead to the introduction of the “Ca2+ hypothesis” of AD (Demuro et al., 2005, 2010; Yamasaki-Mann et al., 2010; Demuro and Parker, 2013) appending the “amyloid hypothesis” that wanted the accumulation of misfolded proteins as the primary driver of AD pathogenesis.

Contrary to the brain disease, Ca2+ dishomeastasis has been long recognized as key to the pathogenesis of myocardial dysfunction and HF (Gwathmey and Morgan, 1985; Gwathmey et al., 1987; Bers, 2002; Bers et al., 2003). Instead, only in the recent years, protein misfolding has been introduced as a novel pathogenic mechanism of cardiomyopathy. As in the brain, Aß PAO were found in the myocardium of patients diagnosed with idiopathic dilated cardiomyopathy (iDCM) and in the heart of AD patients (Sanbe et al., 2004; Gianni et al., 2010; Troncone et al., 2016). Paralleling the findings in neurons, PAO promote an increase in cytosolic and decrease in sarcoplasmic reticulum (SR) Ca2+ in cardiomyocytes, causing cell dysfunction and death (Gianni et al., 2010) adding a new possible cause of Ca2+ dishomeastasis in the failing heart. SR is a specialized ER in cardiomyocytes. Among other functions, SR tightly regulates the storage and fine-tuned control of Ca2+ spatial distribution and concentrations for the various Ca2+-dependent cellular functions. Those include the cyclic rise and fall of Ca2+ that drives cardiomyocytes contractility (Bers, 2002; Glembotski, 2012) as well as the stable SR Ca2+ content required for the proper function of the Ca2+ dependent chaperones (GRP78 and 94) and of protein folding. Thus, changes in Ca2+ homeostasis and compartmentalization in the SR and Ca2+ dysfunction would induce not only the known abnormal cellular contractile function but also misfolding of protein and activation of the cellular response to the unfolded proteins accumulation (UPR) (Torres et al., 2011). Reduced SR Ca2+ content, commonly found in failing cardiomyocytes, would induce UPR activation, as demonstrated in AC16 cells treated with SERCA2a inhibitors (Castillero et al., 2015). Those findings highlight the delicate balance required for Ca2+ homeostasis in cardiomyocytes and provide a novel mechanism at the origin of the well-known Ca2+ dishomeastasis in HF.

In addition to cause intracellular Ca2+ dysregulation, per se activating the apoptotic pathways, proteotoxicity lead to cellular dysfunction and death through other mechanisms (Ruz et al., 2020). For instance, PAO-induced toxicity can cause disruption of mitochondrial membrane integrity and ultimately lead to metabolic cellular dysfunctions (Mclendon and Robbins, 2015). Moreover, it has been shown that proteotoxicity itself can activate a broad spectrum of pro-inflammatory pathways and lead to cell death independently of amyloid plaque formation (Wright et al., 2013; Currais et al., 2016).

Finally, accumulation of amyloid aggregate can also result from failure of the PQC, i.e., the unfolded protein response (UPR) and the ubiquitin proteasome system (UPS). Those can become overloaded with misfolded proteins or can present with reduced capacity from normal aging or malfunction (Wang et al., 2008; Predmore et al., 2010; Powell et al., 2012; Picken, 2020).



FOLDING OVERSEE: THE PROTEIN QUALITY CONTROL (PQC)

To remedy the natural course of these deleterious processes, the cell has developed molecular defense mechanisms (the PQC), which help preventing or correcting the damage and minimize the level of toxic misfolded proteins (Welch, 2004; Glembotski et al., 2019; Wang and Wang, 2020). The PQC efficiently works through the interplay between specialized folding assistant proteins in the different cellular compartments (cytosolic heat shock response—HSR; ER and mitochondrial UPR—UPRER and UPRmt) and the protein degradation system (Wang et al., 2013).

Due to the limited regenerative capacity of the cells of the central nervous and cardiovascular systems (neurons and cardiomyocytes) (Benfey and Aguayo, 1982; Eschenhagen et al., 2017), the proteolytic control mechanisms and protein turnover are key to their function and survival. In addition, in the heart, proteins of the contractile machinery, sarcomeric proteins, need to be continuously exchanged and remodeled in order to adapt to stressors and uninterrupted shear, making proper protein turnover of sarcomeres essential for cardiac function (Willis et al., 2008). Therefore, not surprisingly, dysfunction of the proteolytic systems and proteotoxicity are pathogenic mechanisms for neurodegenerative diseases and, now, HF (Brenner et al., 2004; Shi et al., 2010; Guan et al., 2014).

While the link between the UPR and degenerative disease of the heart and brain is now established, a conundrum lies in the unclear origin of the misfolding. Do extrinsic factors (e.g., mutations, oxidation, altered Ca2+ homeostasis) lead to the accumulation of protein aggregates that results in ER stress and the activation of UPR and ERAD/UPS? Or are these systems primarily dysfunctional (e.g., reduced proteasome activity), which leads to misfolded protein accumulations via Ca2+ dysregulation and/or oxidative stress (Uddin et al., 2020).


The Unfolded Protein Response (UPR)

First line of defense, molecular chaperones take part on the PQC pathways by associating with misfolded proteins and assisting in the proper folding or re-folding in the different subcellular compartments.

Heat shock proteins (Hsps) function to help promoting folding of cytosolic proteins and their transportation through membranes (Webster et al., 2019) while the Glucose-Regulated Proteins (GRPs), first described in mammalian cells exposed to glucose deprivation, assist the normal folding and refolding of ER/secretory proteins. Accumulation of misfolded proteins in the ER is sensed by the GRP chaperone proteins that are recruited to assist refolding while releasing the inhibition on three resident ER transmembrane sensors (PERK, IRE-1 and ATF6) (schematically illustrated in Figure 2). Those, when activated, lead to a signal cascade that triggers the refolding of proteins in the ER (Scheper et al., 2007; Glembotski, 2008; Arrieta et al., 2018) via the upregulation of the synthesis of chaperone proteins while inhibiting the overall protein synthesis to reduce the ER stress. Part of this response is the proteasome associated ER-associated degradation (ERAD), responsible for degrading terminally misfolded proteins (Plemper and Wolf, 1999). While the ER stress response is the natural reaction to cell threats and is meant to be beneficial to cells, if the ER stress is not resolved, prolonged activation of the UPR will shift to apoptotic cell death mediated by C/EBP homologous protein (CHOP), human caspase-4 and rodent caspase-12 (Wang et al., 1996; Nakagawa et al., 2000; Hitomi et al., 2004) described later. More recently discovered and less studied, the UPRmt recognizes and degrades mitochondrial proteins that failed to fold. Misfolded proteins accumulated in the mitochondrial matrix are recognized by mitochondrial HSP (as HSP60) for refolding or degraded by mitochondrial proteases (as CLPP1) into peptide fragments. Those are exported to the cytosol by the HAF1 transporter enabling the inhibition of the import of the transcription factor ATFS in the mitochondria, shifting to its nuclear translocation for the transcription of protective genes for mitochondrial homeostasis (Rev in Jovaisaite et al., 2014).
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FIGURE 2. Schematic illustration of the three major known pathways composing the UPR (created with BioRender) the UPS and autophagy described in the review.




UPR in the Brain and Heart


HSR

The first regulators of the cytosolic UPR are the heat-shock proteins Hsps. Hsps like Hsp28, HspB8, and αB-crystallin have been found upregulated in the brain of AD patients and co-localize with Aß plaques (Shinohara et al., 1993; Renkawek et al., 1994; Wilhelmus et al., 2006). Mouse models of AD have been used to investigate the role of Hsps in AD and found that mice, which are deficient in HspB1, are more sensitive to Aß PAO toxicity (Ojha et al., 2011) and crossing Hsp27 overexpressing mice with APPswe/PS1dE9 mice leads to mice that have fewer amyloid plaques and improved cognition (Tóth et al., 2013).

Hsps are also resident in heart tissues and have been shown to have functional roles in cardiovascular disease in humans and mice. Hsp90, Hsp22, and HspB1 have been shown to be cardioprotective from stressors like oxidative stress and ischemic damage (Kupatt et al., 2004; Islam et al., 2020; Wu et al., 2020). On the other hand, mutated αB-crystallin (CryAB(R120G) was the first cytosolic small chaperone linked to cardiomyopathy (Wang et al., 2001) and polymorphisms in HSPB7 have been identified as a risk factor for iDCM through a large SNP panel of patients from Germany and France (Stark et al., 2010). These evidences indicate both a deleterious and protective role of Hsps against amyloid aggregation in both the heart and brain, yet they do not demonstrate causality.



UPRER

In-vitro, mouse and human studies point to the ER stress response (UPR) as pathogenically involved in the progression of neurodegenerative diseases. Based on finding from cultured neuron, the ER stress response has been shown to be activated by Aß in AD (Yu et al., 1999; Nakagawa et al., 2000; Ferreiro et al., 2006; Seyb et al., 2006), and inhibition of Aß-induced ER stress was found to be effective in inhibiting neuronal apoptosis in some (although not all) transgenic AD mouse models (Lee et al., 2010; He et al., 2020). Impairment of the ER stress has also been shown to be the mechanism by which physical exercise mitigates cognitive impairment accompanied by reduction of the expression of ER stress markers in AD mouse brain (Hong et al., 2020). Either as primary involvement or exhaustion of the system, UPR was found impaired in human AD brains.

In the heart, models of cardiac hypertrophy by transverse aortic constriction (Okada et al., 2004; Uddin et al., 2018) result in increased levels of ER stress markers (i.e., GRP78, p-PERK, p- eIF2α, CHOP, caspase-12), suggesting a role for the UPR in HF progression and implicating ER stress as a mechanism for cardiomyocyte apoptotic cell death (Guan et al., 2011; Park et al., 2012). In human, mRNA levels of ER chaperones and markers of the UPR (GRP78/BiP, eIF2α, and XBP1) are increased in patients with HF (Okada et al., 2004; Castillero et al., 2015) supporting the translational relevance of the mice studies. However, the reversal of the stress markers activation by ventricular unloading may suggest a compensatory rather than causative role of the activation of the UPR in human HF.

As in the brain, UPR was also shown to be effective against the accumulation of PAO in the heart (Maloyan et al., 2007). Whether secondary of causative, chemical chaperones have been tested to alleviate cardiac hypertrophy and neurodegenerative disease in mice, suggesting their potential for relieving ER stress in proteinopathies (Park et al., 2012; Mimori et al., 2019). Additionally, re-chaperone therapy has been tested for neuronopathic lysosomal diseases and cystic fibrosis, a misfolded protein disease of the lungs (Suzuki, 2014). This evidence demonstrates that targeting the UPR may not only benefit the treatment of neurodegenerative diseases, but also degenerative diseases of the heart could substantially be positively adjusted.

Various reports also defined the involvement of the individual players of the UPRER for the heart and brain diseases. The molecular chaperone GRP78 (BiP) is reduced in patients with familial AD due to presenilin-1 (PSEN-1) mutations (Katayama et al., 1999; Niwa et al., 1999). The mechanism leading to this reduction was interrogated using cell culture studies of mutant mammalian cells which showed that PSEN-1 mutations can decrease GRP78 expression due to disturbed IRE1 function (Katayama et al., 1999; Niwa et al., 1999) while overexpression of GRP78 in PSEN-1 mutant cell lines restores ER stress to that of WT cells (Katayama et al., 1999; Niwa et al., 1999). In a follow up study, upregulation of GRP78 was found to be independent of presenilin expression, and the levels of this chaperone were not significantly different in the brains of sporadic AD vs. FAD (Sato et al., 2000). However, later studies found that mutant PSEN-1 neurons were more susceptible to cell death via ER stress and showed increased levels of the ER stress induced apoptotic mediator CHOP in PSEN-1 mouse models, also suggestive of ER stress (Milhavet et al., 2002; Terro et al., 2002). This suggests that either lack of or variants of PSEN-1 have an effect on ER-stress levels of GRP78. On the other hand, this may be due to a secondary activation via protein aggregation rather than presenilin expression or function. Upregulation of GRP78 was found in the neurons of AD patients early in disease progression regardless of presenilin mutation, but this protein did not co-localize with neuro-fibrillary tangles (Hoozemans et al., 2005), suggesting that early activation of the UPR may precede tangle formation or that the GRP78 upregulation occurs in brain cells other than neurons. Thus, while GRP78 may not be pathogenically directly linked to presenilin mutations, it may reflect the response to ER stress and protein aggregation regardless of the initiation event.

Less studied in the heart, GRP78 is upregulated in ischemic preconditioning and contributes to the protection against hypoxic conditions in-vitro (Pan et al., 2004) and ischemic myocardial injury in-vivo (Shintani-Ishida et al., 2006) while knockout of GRP78 promotes cardiomyocyte loss, HF and death (Wang et al., 2018). Similarly, overexpression of the chaperone GRP94 reduces myocyte degradation due to Ca2+ overload or ischemia in cultured skeletal and cardiac muscle cell cultures (Vitadello et al., 2003). Thus, while studies in the heart are limited, the data thus far suggest a cardioprotective role for ER chaperones in the heart.

The PERK (Protein Kinase R-like ER Kinase) pathway, one of the three transmembrane ER sensors, is activated in the AD brain (Unterberger et al., 2006). In a study of AD patients, of all ER stress markers tested, p-PERK was the only marker that correlated with disease progression, was increased in AD cases, and was largely associated with tau pathology (Buchanan et al., 2020). Correcting the defect using small-molecule PERK inhibitors showed to have therapeutic effects against neurodegeneration (Rozpedek-Kamińska et al., 2020).

While under unstressed conditions there was no effect on left ventricular mass or function (Misra et al., 2019) nor was there an effect on cardiomyocyte size, stressing the heart by aortic constriction resulted in decreased ejection fraction, increased LV fibrosis, and enhanced cardiomyocyte apoptosis in PERK knockout mice as compared to controls (Liu et al., 2014), suggesting a cardioprotective role for PERK in the heart following injury. As in the brain, PERK was shown to be protective against overload induced HF and lung remodeling in an inducible cardiac specific PERK knockout mouse line (Liu et al., 2014).

ATF6 (Activating Transcription Factor 6), a second transmembrane ER sensor, has been found to downregulate the levels of β-site APP cleaving enzyme (BACE1), rescuing amyloid pathology in an AD mouse model (Du et al., 2020). Additionally, ATF6 is activated in ischemia/reperfusion injury and has shown to be protective in the brain as in the heart (Blackwood et al., 2019a), while ATF6 deletion in cardiomyocytes abrogates this protection. The mechanism of ATF6 protection in the heart was brought back to transcriptional reprogramming of proteostasis. ATF6 induces mesencephalic astrocyte-derived neurotrophic factor (MANF), which acts as a protein folding chaperone in the heart during periods of reductive stress (Arrieta et al., 2020). Further, RHEB (Ras homolog enriched in brain) was identified as another target of ATF6 in the heart during stressful conditions and acts as an activator of mTORC1 (mammalian target of rapamycin complex 1), which induces protein synthesis. The activation of these pathways during TAC was found to underlie the hypertrophic phenotype in the heart of WT mice, but not in cardiac specific ATF6 knockout mice (Blackwood et al., 2019b) validating the protective/compensatory effect of ATF6 in the heart.

Induction of IRE1α (Inositol-requiring enzyme), a third ER sensing pathway of the UPR, phosphorylates, and activates its downstream regulator XBP-1 (X-box-binding protein) in the AD brain, further supporting the knowledge that also this branch of the UPR may be a defense activated mechanism in AD (Salminen et al., 2009; Lee et al., 2010). XBP1 is an upstream activator of the hexosamine biosynthetic pathway (HBP), the induction of which was found to be protective in the heart. Further, hypoxia has been found to specifically activate XBP1-inducible proteins within cardiac context in an in-vitro rat ventricular myocyte cell cultures, but the response was not further activated during reoxygenation (Thuerauf et al., 2006). Those findings support the functional response activation of the UPR in the heart, with the lack, however, of further activation upon reoxygenation possibly indicating the switch off of the response upon resolution of the insult. On the other hand, patients with end stage HF were found to have reduced XBP1 expression (Wang et al., 2014). Whether this represents an exhaustion of the system over a chronic condition or a primary defect leading to chronic myocardial damage is currently unknown. IRE1α also regulates the ASK1 (Apoptosis signal-regulating kinase 1) pathway, which is involved in Aß-induced neuronal cell death as demonstrated by the lack of Aß-induced death in ASK1−/− neurons (Kadowaki et al., 2005). A similar role for ASK1 has been shown in the heart of ASK1−/− mice, which showed reduced cardiomyocyte apoptosis and improved preservation of LV function compared to wildtype (Yamaguchi et al., 2003). Further elucidating the role of ASK1 in the heart, a transgenic mouse model of inducible overexpression of ASK1 found that there was greater injury after ischemia and reperfusion compared to WT (Liu et al., 2009). Thus, induction of IRE1α and its downstream effectors can have either protective or detrimental effects on the heart as shown by the cardioprotective role of XBP1 and the induction of cardiomyocyte death regulated by ASK1.



UPRmt

In addition to the ER's own system of controlling protein homeostasis, UPRmt is lately receiving a lot of attention given the organelle's key role in many metabolic functions, including ATP production and intracellular Ca2+ regulation (Duchen, 2004; Bereiter-Hahn et al., 2008; Munch, 2018). Function and quality of mitochondria need to be tightly controlled to ensure proper metabolic supplies and to prevent the production of reactive oxygen species (ROS) (Baker et al., 2011). Thus, mitochondrial dysfunction has been implicated in numerous diseases such as major neurodegenerative diseases, Parkinson's and Alzheimer's diseases and various cardiomyopathies (Duchen, 2004; Mclendon and Robbins, 2015). Stress conditions affecting the folding of proteins would also affect the overall cell viability by impairing mitochondrial function. In such a case, UPRmt is triggered and it is activated in a very short time carrying on an acute response in order to alleviate proteostasis defects and restore cell survival by increasing the expression of mitochondrial proteases and chaperones and promoting biogenesis (Urbina-Varela et al., 2020).

Given its central role for cell metabolism, UPRmt is essential for cell function and for the metabolic support in both brain and heart. On the same line of thoughts as for the other UPRs players, components of the UPRmt are currently been investigated as potential novel therapeutic targets in AD. Activation of UPRmt genes has been showed to be a distinct feature in both familial and sporadic AD compared to healthy individuals (Beck et al., 2016). Recently, a study carried by Sorrentino et al. showed that boosting mitochondrial proteostasis by enhancing the UPRmt and mitophagy ultimately decreased Aβ aggregation, reduced amyloid plaque formation and ameliorated contextual memory in the APP/PSEN1 AD mice (Sorrentino et al., 2017).

Similarly, Venkatesh et al., recently showed that enhancing UPRmt by overexpressing LonP1, one of the main mitochondrial proteases, can mitigate cardiac injury during ischemia-reperfusion by preventing oxidative damage, in part by rebalancing the OXPHOS complex subunit levels (Arrieta et al., 2019; Venkatesh et al., 2019). Additionally, pharmacological enhancement of UPRmt in pressure-overloaded mouse hearts significantly improved mitochondrial respiration, cardiomyocyte survival, and cardiac contractile function (Smyrnias et al., 2019).




Ubiquitin Protease System (UPS)

Failure of the UPR to refold damaged proteins and/or resolve the ER stress result in the activation of the degradation pathways (UPS) aimed at recycling the building blocks for new protein synthesis in a process that begins with substrate polyubiquitination followed by proteasome degradation (Li et al., 2011; Ciechanover and Kwon, 2015; Gilda and Gomes, 2017). Under normal circumstances, the UPS degrades around 90% of proteins and its reach expands to all cellular compartments including nucleus, cytoplasm, ER as well as cell membranes (Schubert et al., 2000; Pagan et al., 2013). In addition to expired or environmentally damaged old proteins, as many as 30% of newly synthesized proteins are also degraded by the proteasome within a few minutes of their synthesis due to inherent difficulties in folding properly (Schubert et al., 2000; Bucciantini et al., 2002; Pagan et al., 2013).



UPS in the Brain and Heart

When the UPR fails, the UPS combats the accumulation of toxic protein aggregates. Therefore, it is not surprising that damage of this system would have severe consequences to the brain and heart structure and function. In both organs, failure of the proteasome activity has been described in degenerative diseases. Within the brain of AD patients, proteasome inhibition is sufficient to cause neuronal death (Keck et al., 2003). In the heart, an imbalance between ubiquitination rates and degradation of ubiquitin labeled substrates is implicated in cardiomyocyte's cell death (Kostin et al., 2003).

As misfolded proteins are central biomarkers in the pathophysiology of numerous neurodegenerative diseases, with aggregates of Aß being central to AD (Willis and Patterson, 2013), several studies have shown that deficiency in Aß clearance may be a major cause of late-onset AD. Moreover, ubiquitin proteins have been observed within the intracellular tangles typical of AD (Mori et al., 1987; Perry et al., 1987). Since then, much attention has been given to the UPS in AD because of both its main role in intracellular proteolytic pathways and its presence within AD protein aggregates (Riederer et al., 2011).

Several hypotheses have been considered to explain the causes of UPS dysfunction; in addition to inherited genetic mutations, which are responsible for familial AD, there is accumulating evidence that oxidative stress signaling may have a crucial early pathogenic role in the late-onset and sporadic AD by irreversibly modifying proteins (Riederer et al., 2011). Various protein modifications such as carbonylation and nitration are generally associated with loss of function leading to either unfolding and degradation of the damaged proteins or to the aggregation and accumulation of the latter as inclusions (Butterfield et al., 2006). Different studies showed that the accumulation of oxidized protein in AD is tightly associated with dysfunction of the 20S proteasome, which is the main player in the proteolytic activity of the UPS (Szweda et al., 2002). Members of the proteasome themselves may be altered due to oxidative stress, which can lead to protein misfolding and may ultimately influence the correct functionality of the proteolytic mechanisms. Some components of the UPS themselves may be subject to oxidation or mutations, consequently influencing misfolded protein accumulation instead of their degradation (Riederer et al., 2011). Defective proteolysis has been manly seen in the hippocampus, para-hippocampal, and middle temporal gyri, and the inferior parietal lobule of AD patients; moreover, proteolytic dysfunction has been hypothesized to cause synaptic dysregulation, which is observed early in AD since protein degradation plays a fundamental role in synaptic plasticity (Wang and Huang, 2012).

In the heart, impaired proteasome activity was first shown in hypertrophic and failing human hearts in absence of changes in proteasome protein expression suggesting that post-translational modifications are responsible for the defective proteasomal degradation capacity (Predmore et al., 2010). Recent studies have focused on the role of the ubiquitin protease system (UPS) in cardiac hypertrophy as a mechanism of cardiac remodeling, a maladaptive and unfavorable outcome that can progress into overt HF (Frey and Olson, 2003), providing a molecular mechanisms for many abnormal signaling pathways in cardiomyopathies. In fact, it has recently been shown that breakdown of pre-existing sarcomeres, required for cardiac remodeling processes is optimized by the induction of the proteasome subunit low molecular weight protein (LMP)-2 (Petersen et al., 2020). Furthermore, a key regulator of normal cardiac growth and activated by exercise and pressure overload as short term adaptive response (Shiojima et al., 2005) AKT leads to cardiac hypertrophy in mice upon sustained induction (Shiojima et al., 2005) and is negatively regulated by PTEN. This signaling pathways has been shown to be modulated by two UPS players, the enzyme that catalyzes the first step in ubiquitin conjugation, UBA1 (Shu et al., 2018) and by TRIM10 (Yang et al., 2020), an E3 ubiquitin ligase that assists in the conjugation of ubiquitin to protein substrate, both degrading PTEN leading to increase AKT and hypertrophy. Additionally, investigations of Triad3A (an E3 ligase) have shown that increased expression of this E3 ligase attenuates cardiac hypertrophy (Lu et al., 2020) through ubiquitination of toll-like receptors 4 and 9 (TLR4 7 TLR9) (Lu et al., 2020). Activation of these TLRs of the innate immune system activates AKT signaling. Notably this enzyme is also implicated in neurodegenerative diseases (Husain et al., 2017). Thus, while the UPS system is implicated in cardiac remodeling and hypertrophy, reduction or activation of AKT signaling can result from divergent manipulations of UPS depending on the pathways invested.

Myocardial hypertrophy is also modulated by the immunoproteasome, an inducible form of the constitutive proteasome. Inhibition or knockout of immunoproteasome subunits (β1i, β2i, and β5i) has been shown to attenuate cardiac hypertrophy (Chen et al., 2019; Xie et al., 2020; Yan et al., 2020) a postulated mechanism underlying the effect of resveratrol (RES) (Chen et al., 2019). RES blocks immunoproteasome activity, thus preventing PTEN degradation and AKT signaling (Xie et al., 2020; Yan et al., 2020).

The role of ubiquitination in cardiac remodeling has also been documented through the inhibition of the de-ubiquitination enzymes (DUBs). Investigations into 19S proteasome deubiquitinates showed that inhibition of these DUBs prevents the breakdown of IκBα and leads to the inactivation of NF-κB, which suppresses cardiac remodeling (Hu et al., 2018). Furthermore, an additional DUB—UCHL1—is known to be dysregulated and is involved both in neurodegenerative disorders and more recently in cardiac hypertrophy (Hu et al., 2018). UCHL1 deubiquitinates epidermal growth factor receptor (Hershberger et al., 2010), preventing its degradation and resulting in the activation of multiple downstream signaling cascades that positively regulate cardiac hypertrophy (Bi et al., 2020).

Much like hypertrophic cardiomyopathy and like in many other diseases in which protein misfolding and aggregation is the major hallmark of their pathophysiology, UPS has been shown to participate to the pathogenesis of restrictive cardiomyopathy. An example is desmin-related myopathy, which affects both skeletal and cardiac muscle ultimately developing desmin-related cardiomyopathy (DRC). Genetic mutations of desmin and of its small chaperone protein, αB-crystallin, can lead to aberrant aggregation of desmin resulting in cardiomyopathy with poor disease prognosis (Chen et al., 2005). Chen et al. found that the aberrant aggregation of these proteins impairs the UPS system before cardiac hypertrophy occurs leading to heart remodeling (Chen et al., 2005).

On the same line of research, Liu et al. showed that UPS proteolytic function in the heart is severely impaired also when a human mutant desmin is expressed in transgenic mouse hearts (Liu et al., 2006a). Like other groups, they demonstrated that the deficiency likely responsible for the pathophysiology of the disease resides in the 19S regulatory cap, which helps to channel and deliver the substrate into the proteolytic chamber of the 20S core (Chen et al., 2005; Liu et al., 2006a). The results of these studies suggest that malfunctions in the UPS may directly participate in the pathogenesis of the disease, although as a secondary event to the accumulation of misfolded proteins. In fact, in a follow up study, Liu et al. showed that upregulation of members of the heat shock proteins family significantly attenuated the aberrant aggregation of desmin demonstrating that protein aggregation is a major pathogenic pathway in which misfolded proteins cause UPS impairment and malfunction (Liu et al., 2006b).

As protein aggregates are present in dilated cardiomyopathies, a defect in the ubiquitin proteasome system is foreseeable as a consequence of overwhelming of this defense mechanism. Additionally, a primary defect of the UPS has been identified in DCM though mutations in FBXO32, encoding for an E3 ubiquitin ligase (Al-Hassnan et al., 2016), a finding validated in a mouse model where FBXO32 knockout cause DCM (Al-Hassnan et al., 2016).

Additional studies further support the notion that overactivation or dysregulation of ubiquitin mediated protein degradation has a role in the progression of DCM (Li et al., 2017; Murata et al., 2018; Spanig et al., 2019). LIM domain 7 (LMO7) gene, a protein with predicted interaction domains PDZ and LIM, has been long thought to take part in regulation of UPS pathway in cardiac tissues (Li et al., 2017). Recently, it was found that DCM patients display decreased mRNA levels of LMO7 and polymorphisms of the gene have been linked to the susceptibly and prognosis of disease (Li et al., 2017). Protein arginine methyltransferase 1 (PRMT1) is universally expressed, assists in the post-translational modification of proteins, is associated with alternative splicing, and is integral for the function of multiple tissue types (Murata et al., 2018). Deletion of this protein in juvenile mice lead to the formation of cardiac alternative splicing isoforms of four genes, including ASB2, resulting in its truncation and failure to act as the proper component in an E3 ligase complex, leading to development of DCM (Murata et al., 2018). Further support for the role of the UPS in DCM was provided by a study that characterized the UPS activity in human heart tissue from cardiomyopathy patients and found decreased percentage of ubiquitin-positive cells and cells with ubiquitin deposits in end-stage cardiac tissue (Spanig et al., 2019). Additionally, a trend for reduced protein expression of MAFbx (E3-ubiquitin-ligases muscle-atrophy-F-box), a regulator of cardiac remodeling and inhibitor of hypertrophy through ubiquitin degradation of calcineurin, was found in the DCM group (Spanig et al., 2019).

Finally, in a study of 60 human patients with HF, it was found that enhanced expression of ubiquitin in cardiomyocytes is a protective mechanism in early stages of HF, whereas the absence or decreased ubiquitin expression associates with end-stage DCM (Pawlak et al., 2019).

Given the numerous studies that have demonstrated the importance of the UPS in both neurodegenerative and cardiovascular diseases, new ways of targeting the proteasome-ubiquitin machinery have been explored. Among all the post-translation modifications that subunits of the UPS undergo in order to activate the clearance mechanism, and efficiently degrade ubiquitinated proteins, phosphorylation surely plays a central role. This seems to be accomplished by most kinases such as PKA and cGMP-dependent kinase (PKG) (Ranek et al., 2013); therefore, both molecules became ideal therapeutic targets to prime the dysregulated UPS response. A study from Ranek et al. showed that PKG positively regulates proteasome-mediated proteolysis degrading mutated CryAB (Liu et al., 2006a,b; Ranek et al., 2013).

Like in the heart, multiple studies showed that enhancing PKA in different cell lines and mouse models of neurodegenerative diseases, such as tauopathies, Huntington's and Alzheimer's disease, causes an augmented clearance of aggregation-prone proteins in both the soluble and insoluble fractions (Lin et al., 2013; Ranek et al., 2013; Lokireddy et al., 2015; Myeku et al., 2016). In addition to rescue UPS proper function, enhancing cAMP has been shown to improve cognitive and memory functions in Alzheimer's patients (Vitolo et al., 2002). Studies have demonstrated that different phosphodiesters inhibitors can augment cAMP/PKA and cGMP/PKG signaling (Verplank et al., 2019), and therefore strengthen the UPS response in mouse model of AD and cardiac amyloid proteinopathy (Sheng et al., 2017; Verplank et al., 2019).



Autophagy

Autophagy is a highly evolutionary conserved system to degrade retired or damaged proteins and organelles and selectively degrades aggregated proteins. Even though UPS and autophagy are two distinct proteolytic systems, they interact to remove long-lived proteins and unrepairable misfolded ones (Chen et al., 2020). The link between the UPS and autophagy is mediated by p62 (Rusten and Stenmark, 2010), a receptor of autophagy substrate that is activated by phosphorylation upon proteotoxic stress due to UPS inhibition, inducing autophagy (Zheng et al., 2011; Lim et al., 2015; Sha et al., 2018; Pan et al., 2020). Given its central function, changes in p62 have been linked to diseases. Defunct autophagic systems can lead to p62 accumulation, delayed arrival of waste to the proteasome and disturbance of the UPS (Korolchuk et al., 2009).

In the AD brain p62 acts to clear misfolded proteins such as hyperphosphorylated and polyubiquitinated tau through proteasomal degradation (Babu et al., 2005), reinforcing the importance of p62's relationship with AD disease progression. Indeed, decreased expression of p62 aligns with AD progression, leading to a decline in clearance of polyubiquitinated tau and promotion of tau aggregates (Alonso et al., 1994). Furthermore, cooperation of p62 and TRAF6 inhibits Aβ-mediated neuronal death through p75 NTR activity (Geetha et al., 2012). Thus, enhancing p62 and TRAF6 expression might relieve tau aggregation and Aβ-mediated neuronal death in the AD brain.

Less studied in the heart, a feedforward loop in the activation of autophagy by proteasome inhibition has been delineated through the PPP3/calcineurin-TFEB-SQSTM1/p62 pathway (Su and Wang, 2020). Studies investigating the role of p62 in protein misfolding diseases of the heart appear limited to desmin cardiomyopathy and atherosclerosis. In a mouse model of desmin cardiomyopathy by DRC-linked mutant desmin or αB-crystallin (CryABR120G) and in cultured rat neonatal cardiomyocytes expressing the mutant desmin autophagic flux both in-vivo and in-vitro was augmented together with increased mRNA and protein levels of p62 (Zheng et al., 2011). Those findings provided evidence for p62/autophagy adaptive response to the forced accumulation of misfolded proteins while p62 depletion worsened the misfolded aggregates accumulation and exacerbated cell injury supporting the protective effect of p62/autophagy for proteotoxic stress.

Finally, in the atherosclerotic disease p62-enriched aggregates are recognized as a hallmark of advancing atherosclerotic plaques due to dysfunctional autophagy (Sergin et al., 2016).




THE DIRECT LINK BETWEEN AD AND HF

With still unidentified protein precursor, the discovery of protein aggregates, in the form of both extracellular plaques and intracellular amyloid fibers, in the hearts of patients with primary diagnosis of iDCM (Gianni et al., 2010) helped to link the heart and brain proteinopathies. Subsequent characterization showed that prefibrillar myocardial deposits in iDCM were biochemically analogous to those found in AD (Subramanian et al., 2015), and later, misfolding, aggregation, and deposition of amyloid-beta (Aß) were found in the myocardium of patients with primary diagnosis of AD compromising myocardial function effectively pathogenically linked the disease in both organs (Troncone et al., 2016). Whether the link between HF and AD being of metastatic or systemic etiology is still to be determined, evidence support the possible dual nature of the link. In support of the systemic etiology genetic variants in the presenilin gene (PSEN) were identified not only in familial (Li et al., 2006), but also in sporadic (Gianni et al., 2010) cases of dilated cardiomyopathies, while the abovementioned deposits of Aß in patients with AD may also support the metastatic route of Alzheimer's cardiomyopathy—the traditional route of cardiac involvement in the SAA, AL, and TTR amyloidosis. Either ways, these findings show the heart-brain axis can be framed as an organ system that can be exploited by mechanisms (e.g., protein misfolding) that result in physiological and pathological disease in both organs.



CONCLUSIONS

Emerging data has led to the formation of new hypotheses regarding the relationship between AD and HF and has opened novel research avenues for basic science and clinical research. The common pathogenesis of proteinopathies is supported by the accumulation of misfolded protein aggregates, the involvement of proteotoxicity and defects in protein quality control systems in disease of both the heart and the brain. The focus of future studies should highlight the unclear origin of protein misfolding in degenerative diseases of the cardiovascular and central systems. Increasing understanding of cellular and molecular mechanisms involved in the onset and progression of protein misfolding diseases will overall allow to develop more precise and targeted therapeutic approaches.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

AE and HB reviewed the literature and wrote the draft. FdM edited the draft to the final version. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the American Heart Association (17CSA33620007 and 20SRG35540029), The National Institute of Health (R01AG057046), the Medical University of South Carolina Discretionary Funds, The Christie Heart and Brain Program philanthropic donation, The University of Bologna to FdM; Translational Research and Applied Medicine (TRAM) pilot grant at Stanford University to AE; National Institute for General Medical Sciences (NIH) T32GM132055 predoctoral fellowship to HB from the College of Graduate Students of the Medical University of South Carolina.



REFERENCES

 (1977). Cardiogenic Dementia. Lancet 1, 27–28.

 (2020). 2020 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 16, 391–460

 Al-Hassnan, Z. N., Shinwari, Z. M. A., Wakil, S. M., Tulbah, S., Mohammed, S., Rahbeeni, Z., et al. (2016). A substitution mutation in cardiac ubiquitin ligase, FBXO32, is associated with an autosomal recessive form of dilated cardiomyopathy. BMC Med. Genet. 17:3. doi: 10.1186/s12881-016-0267-5

 Alonso, K., Pontiggia, P., Sabato, A., Calvi, G., Curto, F. C., de Bartolomei, E., et al. (1994). Systemic hyperthermia in the treatment of HIV-related disseminated Kaposi's sarcoma. long-term follow-up of patients treated with low-flow extracorporeal perfusion hyperthermia. Am. J. Clin. Oncol. 17, 353–359. doi: 10.1097/00000421-199408000-00015

 Ames, B. N., Shigenaga, M. K., and Hagen, T. M. (1993). Oxidants, antioxidants, and the degenerative diseases of aging. Proc. Natl. Acad. Sci. U.S.A. 90, 7915–7922. doi: 10.1073/pnas.90.17.7915

 Arrieta, A., Blackwood, E. A., and Glembotski, C. C. (2018). ER protein quality control and the unfolded protein response in the heart. Curr. Top. Microbiol. Immunol. 414, 193–213. doi: 10.1007/82_2017_54

 Arrieta, A., Blackwood, E. A., Stauffer, W. T., and Glembotski, C. C. (2019). Integrating ER and mitochondrial proteostasis in the healthy and diseased heart. Front. Cardiovasc. Med. 6:193. doi: 10.3389/fcvm.2019.00193

 Arrieta, A., Blackwood, E. A., Stauffer, W. T., Santo Domingo, M., Bilal, A. S., Thuerauf, D. J., et al. (2020). Mesencephalic astrocyte–derived neurotrophic factor is an ER-resident chaperone that protects against reductive stress in the heart. J. Biol. Chem. 295, 7566–7583. doi: 10.1074/jbc.RA120.013345

 Babu, J. R., Geetha, T., and Wooten, M. W. (2005). Sequestosome 1/p62 shuttles polyubiquitinated tau for proteasomal degradation. J. Neurochem. 94, 192–203. doi: 10.1111/j.1471-4159.2005.03181.x

 Baker, M. J., Tatsuta, T., and Langer, T. (2011). Quality control of mitochondrial proteostasis. Cold Spring Harb. Perspect. Biol. 3:ea007559. doi: 10.1101/cshperspect.a007559

 Balducci, C., Beeg, M., Stravalaci, M., Bastone, A., Sclip, A., Biasini, E., et al. (2010). Synthetic amyloid-beta oligomers impair long-term memory independently of cellular prion protein. Proc. Natl. Acad. Sci. U.S.A. 107, 2295–2300. doi: 10.1073/pnas.0911829107

 Beck, J. S., Mufson, E. J., and Counts, S. E. (2016). Evidence for mitochondrial UPR gene activation in familial and sporadic Alzheimer's disease. Curr. Alzheimer Res. 13, 610–614. doi: 10.2174/1567205013666151221145445

 Benfey, M., and Aguayo, A. J. (1982). Extensive elongation of axons from rat brain into peripheral nerve grafts. Nature 296, 150–152. doi: 10.1038/296150a0

 Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M. S., Callaway, C. W., Carson, A. P., et al. (2019). Heart disease and stroke statistics-2019 update: a report from the American heart association. Circulation 139, e56–e528. doi: 10.1161/CIR.0000000000000659

 Bereiter-Hahn, J., Voth, M., Mai, S., and Jendrach, M. (2008). Structural implications of mitochondrial dynamics. Biotechnol. J. 3, 765–780. doi: 10.1002/biot.200800024

 Bers, D. M., Eisner, D. A., and Valdivia, H. H. (2003). Sarcoplasmic reticulum Ca2+ and heart failure: roles of diastolic leak and Ca2+ transport. Circ. Res. 93, 487–490. doi: 10.1161/01.RES.0000091871.54907.6B

 Bers, D. M. (2002). Cardiac excitation-contraction coupling. Nature 415, 198–205. doi: 10.1038/415198a

 Bi, H.-L., Zhang, X.-L., Zhang, Y.-L., Xie, X., Xia, Y.-L., Du, J., et al. (2020). The deubiquitinase UCHL1 regulates cardiac hypertrophy by stabilizing epidermal growth factor receptor. Sci. Adv. 6:eaax4826. doi: 10.1126/sciadv.aax4826

 Blackwood, E. A., Azizi, K., Thuerauf, D. J., Paxman, R. J., Plate, L., Kelly, J. W., et al. (2019a). Pharmacologic ATF6 activation confers global protection in widespread disease models by reprograming cellular proteostasis. Nat. Commun. 10:187. doi: 10.1038/s41467-018-08129-2

 Blackwood, E. A., Hofmann, C., Domingo, M. S., Bilal, A. S., Sarakki, A., Stauffer, W., et al. (2019b). ATF6 regulates cardiac hypertrophy by transcriptional induction of the mTORC1 activator, Rheb. Circ. Res. 124, 79–93. doi: 10.1161/CIRCRESAHA.118.313854

 Brenner, D. A., Jain, M., Pimentel, D. R., Wang, B., Connors, L. H., Skinner, M., et al. (2004). Human amyloidogenic light chains directly impair cardiomyocyte function through an increase in cellular oxidant stress. Circ. Res. 94, 1008–1010. doi: 10.1161/01.RES.0000126569.75419.74

 Bucciantini, M., Giannoni, E., Chiti, F., Baroni, F., Formigli, L., Zurdo, J., et al. (2002). Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 416, 507–511. doi: 10.1038/416507a

 Buchanan, H., Mackay, M., Palmer, K., Tothová, K., Katsur, M., Platt, B., et al. (2020). Synaptic loss, ER stress and neuro-inflammation emerge late in the lateral temporal cortex and associate with progressive tau pathology in Alzheimer's disease. Mol. Neurobiol. 57, 3258–3272. doi: 10.1007/s12035-020-01950-1

 Butterfield, D. A., Perluigi, M., and Sultana, R. (2006). Oxidative stress in Alzheimer's disease brain: new insights from redox proteomics. Eur. J. Pharmacol. 545, 39–50. doi: 10.1016/j.ejphar.2006.06.026

 Castillero, E., Akashi, H., Pendrak, K., Yerebakan, H., Najjar, M., Wang, C., et al. (2015). Attenuation of the unfolded protein response and endoplasmic reticulum stress after mechanical unloading in dilated cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 309, H459–H470. doi: 10.1152/ajpheart.00056.2015

 Cermakova, P., Eriksdotter, M., Lund, L. H., Winblad, B., Religa, P., and Religa, D. (2015). Heart failure and Alzheimer's disease. J. Intern. Med. 277, 406–425. doi: 10.1111/joim.12287

 Chen, C., Zou, L.-X., Lin, Q.-Y., Yan, X., Bi, H.-L., Xie, X., et al. (2019). Resveratrol as a new inhibitor of immunoproteasome prevents PTEN degradation and attenuates cardiac hypertrophy after pressure overload. Redox Biol. 20, 390–401. doi: 10.1016/j.redox.2018.10.021

 Chen, Q., Liu, J. B., Horak, K. M., Zheng, H., Kumarapeli, A. R., Li, J., et al. (2005). Intrasarcoplasmic amyloidosis impairs proteolytic function of proteasomes in cardiomyocytes by compromising substrate uptake. Circ. Res. 97, 1018–1026. doi: 10.1161/01.RES.0000189262.92896.0b

 Chen, X. Q., and Mobley, W. C. (2019). Alzheimer disease pathogenesis: insights from molecular and cellular biology studies of oligomeric abeta and tau species. Front. Neurosci. 13:659. doi: 10.3389/fnins.2019.00659

 Chen, Y., Li, Q., Li, Q., Xing, S., Liu, Y., Liu, Y., et al. (2020). p62/SQSTM1, a central but unexploited target: advances in its physiological/pathogenic functions and small molecular modulators. J. Med. Chem. 63, 10135–10157. doi: 10.1021/acs.jmedchem.9b02038

 Ciechanover, A., and Kwon, Y. T. (2015). Degradation of misfolded proteins in neurodegenerative diseases: therapeutic targets and strategies. Exp. Mol. Med. 47:e147. doi: 10.1038/emm.2014.117

 Cleary, J. P., Walsh, D. M., Hofmeister, J. J., Shankar, G. M., Kuskowski, M. A., Selkoe, D. J., et al. (2005). Natural oligomers of the amyloid-beta protein specifically disrupt cognitive function. Nat. Neurosci. 8, 79–84. doi: 10.1038/nn1372

 Cohen, M. B., and Mather, P. J. (2007). A review of the association between congestive heart failure and cognitive impairment. Am. J. Geriatr. Cardiol. 16, 171–174. doi: 10.1111/j.1076-7460.2007.06563.x

 Currais, A., Quehenberger, O., A, M.A., Daugherty, D., Maher, P., and Schubert, D. (2016). Amyloid proteotoxicity initiates an inflammatory response blocked by cannabinoids. NPJ Aging Mech. Dis. 2:16012. doi: 10.1038/npjamd.2016.12

 De Toledo Ferraz Alves, T. C., Ferreira, L. K., Wajngarten, M., and Busatto, G. F. (2010). Cardiac disorders as risk factors for Alzheimer's disease. J. Alzheimers. Dis. 20, 749–763. doi: 10.3233/JAD-2010-091561

 Del Monte, F., and Agnetti, G. (2014). Protein post-translational modifications and misfolding: new concepts in heart failure. Proteomics Clin. Appl. 8, 534–542. doi: 10.1002/prca.201400037

 Demuro, A., Mina, E., Kayed, R., Milton, S. C., Parker, I., and Glabe, C. G. (2005). Calcium dysregulation and membrane disruption as a ubiquitous neurotoxic mechanism of soluble amyloid oligomers. J. Biol. Chem. 280, 17294–17300. doi: 10.1074/jbc.M500997200

 Demuro, A., and Parker, I. (2013). Cytotoxicity of intracellular abeta42 amyloid oligomers involves Ca2+ release from the endoplasmic reticulum by stimulated production of inositol trisphosphate. J. Neurosci. 33, 3824–3833. doi: 10.1523/JNEUROSCI.4367-12.2013

 Demuro, A., Parker, I., and Stutzmann, G. E. (2010). Calcium signaling and amyloid toxicity in Alzheimer disease. J. Biol. Chem. 285, 12463–12468. doi: 10.1074/jbc.R109.080895

 Diociaiuti, M., Macchia, G., Paradisi, S., Frank, C., Camerini, S., Chistolini, P., et al. (2014). Native metastable prefibrillar oligomers are the most neurotoxic species among amyloid aggregates. Biochim. Biophys. Acta 1842, 1622–1629. doi: 10.1016/j.bbadis.2014.06.006

 Du, Y., Liu, X., Zhu, X., Liu, Y., Wang, X., and Wu, X. (2020). Activating transcription factor 6 reduces Aβ1–42 and restores memory in Alzheimer's disease model mice. Int. J. Neurosci. 130, 1015–1023. doi: 10.1080/00207454.2020.1715977

 Duchen, M. R. (2004). Mitochondria in health and disease: perspectives on a new mitochondrial biology. Mol. Aspects Med. 25, 365–451. doi: 10.1016/j.mam.2004.03.001

 Eschenhagen, T., Bolli, R., Braun, T., Field, L. J., Fleischmann, B. K., Frisén, J., et al. (2017). Cardiomyocyte regeneration. Circulation 136, 680–686. doi: 10.1161/CIRCULATIONAHA.117.029343

 Falk, R. H., Alexander, K. M., Liao, R., and Dorbala, S. (2016). AL (Light-Chain) cardiac amyloidosis: a review of diagnosis and therapy. J. Am. Coll. Cardiol. 68, 1323–1341. doi: 10.1016/j.jacc.2016.06.053

 Ferreiro, E., Resende, R., Costa, R., Oliveira, C. R., and Pereira, C. M. F. (2006). An endoplasmic-reticulum-specific apoptotic pathway is involved in prion and amyloid-beta peptides neurotoxicity. Neurobiol. Dis. 23, 669–678. doi: 10.1016/j.nbd.2006.05.011

 Frey, N., and Olson, E. N. (2003). Cardiac hypertrophy: the good, the bad, and the ugly. Annu. Rev. Physiol. 65, 45–79. doi: 10.1146/annurev.physiol.65.092101.142243

 Geetha, T., Zheng, C., Unroe, B., Sycheva, M., Kluess, H., and Babu, J. R. (2012). Polyubiquitination of the neurotrophin receptor p75 directs neuronal cell survival. Biochem. Biophys. Res. Commun. 421, 286–290. doi: 10.1016/j.bbrc.2012.04.001

 Gianni, D., Li, A., Tesco, G., Mckay, K. M., Moore, J., Raygor, K., et al. (2010). Protein aggregates and novel presenilin gene variants in idiopathic dilated cardiomyopathy. Circulation 121, 1216–1226. doi: 10.1161/CIRCULATIONAHA.109.879510

 Gilda, J. E., and Gomes, A. V. (2017). Proteasome dysfunction in cardiomyopathies. J. Physiol. 595, 4051–4071. doi: 10.1113/JP273607

 Glembotski, C. C. (2008). The role of the unfolded protein response in the heart. J. Mol. Cell. Cardiol. 44, 453–459. doi: 10.1016/j.yjmcc.2007.10.017

 Glembotski, C. C. (2012). Roles for the sarco-/endoplasmic reticulum in cardiac myocyte contraction, protein synthesis, and protein quality control. Physiology 27, 343–350. doi: 10.1152/physiol.00034.2012

 Glembotski, C. C., Rosarda, J. D., and Wiseman, R. L. (2019). Proteostasis and beyond: ATF6 in ischemic disease. Trends Mol. Med. 25, 538–550. doi: 10.1016/j.molmed.2019.03.005

 Gorza, L., and Del Monte, F. (2005). Protein unfolding in cardiomyopathies. Heart Fail. Clin. 1, 237–250. doi: 10.1016/j.hfc.2005.03.009

 Guan, H.-S., Shang, Z., Yang, L., Qiao, S.-B., Shangguan, H.-J., and Meng, X.-M. (2011). Endoplasmic reticulum stress caused by left ventricular hypertrophy in rats: effects of telmisartan. Am. J. Med. Sci. 342, 318–323. doi: 10.1097/MAJ.0b013e3182112baf

 Guan, J., Mishra, S., Qiu, Y., Shi, J., Trudeau, K., Las, G., et al. (2014). Lysosomal dysfunction and impaired autophagy underlie the pathogenesis of amyloidogenic light chain-mediated cardiotoxicity. EMBO Mol. Med. 6, 1493–1507. doi: 10.15252/emmm.201404190

 Gwathmey, J. K., Copelas, L., Mackinnon, R., Schoen, F. J., Feldman, M. D., Grossman, W., et al. (1987). Abnormal intracellular calcium handling in myocardium from patients with end-stage heart failure. Circ. Res. 61, 70–76. doi: 10.1161/01.RES.61.1.70

 Gwathmey, J. K., and Morgan, J. P. (1985). Altered calcium handling in experimental pressure-overload hypertrophy in the ferret. Circ. Res. 57, 836–843. doi: 10.1161/01.RES.57.6.836

 Hartl, F. U. (2011). Chaperone-assisted protein folding: the path to discovery from a personal perspective. Nat. Med. 17, 1206–1210. doi: 10.1038/nm.2467

 He, Z., Wang, M., Zhao, Q., Li, X., Liu, P., Ren, B., et al. (2020). Bis(ethylmaltolato)oxidovanadium (IV) mitigates neuronal apoptosis resulted from amyloid-beta induced endoplasmic reticulum stress through activating peroxisome proliferator-activated receptor γ. J. Inorg. Biochem. 208:111073. doi: 10.1016/j.jinorgbio.2020.111073

 Hershberger, R. E., Morales, A., and Siegfried, J. D. (2010). Clinical and genetic issues in dilated cardiomyopathy: a review for genetics professionals. Genet. Med. 12, 655–667. doi: 10.1097/GIM.0b013e3181f2481f

 Hitomi, J., Katayama, T., Eguchi, Y., Kudo, T., Taniguchi, M., Koyama, Y., et al. (2004). Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis and Aβ-induced cell death. J. Cell Biol. 165, 347–356. doi: 10.1083/jcb.200310015

 Hong, J., Hong, S.-G., Lee, J., Park, J.-Y., Eriksen, J. L., Rooney, B. V., et al. (2020). Exercise training ameliorates cerebrovascular dysfunction in a murine model of Alzheimer's disease: role of the P2Y2 receptor and endoplasmic reticulum stress. Am. J. Physiol. Heart Circ. Physiol. 318, H1559–H1569. doi: 10.1152/ajpheart.00129.2020

 Hoozemans, J. J. M., Veerhuis, R., Van Haastert, E. S., Rozemuller, J. M., Baas, F., Eikelenboom, P., et al. (2005). The unfolded protein response is activated in Alzheimer's disease. Acta Neuropathol. 110, 165–172. doi: 10.1007/s00401-005-1038-0

 Hu, M., Zhang, Z., Liu, B., Zhang, S., Chai, R., Chen, X., et al. (2018). Deubiquitinase inhibitor auranofin attenuated cardiac hypertrophy by blocking NF-κB activation. Cell. Physiol. Biochem. 45, 2421–2430. doi: 10.1159/000488230

 Huang, W. J., Zhang, X., and Chen, W. W. (2016). Role of oxidative stress in Alzheimer's disease (Review). Biomed. Rep. 4, 519–522. doi: 10.3892/br.2016.630

 Husain, N., Yuan, Q., Yen, Y.-C., Pletnikova, O., Sally, D. Q., Worley, P., et al. (2017). TRIAD3/RNF216 mutations associated with Gordon Holmes syndrome lead to synaptic and cognitive impairments via Arc misregulation. Aging Cell 16, 281–292. doi: 10.1111/acel.12551

 Islam, M., Diwan, A., and Mani, K. (2020). Come together: protein assemblies, aggregates and the sarcostat at the heart of cardiac myocyte homeostasis. Front. Physiol. 11:586. doi: 10.3389/fphys.2020.00586

 Jovaisaite, V., Mouchiroud, L., and Auwerx, J. (2014). The mitochondrial unfolded protein response, a conserved stress response pathway with implications in health and disease. J. Exp. Biol. 217, 137–143. doi: 10.1242/jeb.090738

 Kadowaki, H., Nishitoh, H., Urano, F., Sadamitsu, C., Matsuzawa, A., Takeda, K., et al. (2005). Amyloid beta induces neuronal cell death through ROS-mediated ASK1 activation. Cell Death Differ. 12, 19–24. doi: 10.1038/sj.cdd.4401528

 Katayama, T., Imaizumi, K., Sato, N., Miyoshi, K., Kudo, T., Hitomi, J., et al. (1999). Presenilin-1 mutations downregulate the signalling pathway of the unfolded-protein response. Nat. Cell Biol. 1, 479–485. doi: 10.1038/70265

 Keck, S., Nitsch, R., Grune, T., and Ullrich, O. (2003). Proteasome inhibition by paired helical filament-tau in brains of patients with Alzheimer's disease. J. Neurochem. 85, 115–122. doi: 10.1046/j.1471-4159.2003.01642.x

 Korolchuk, V. I., Mansilla, A., Menzies, F. M., and Rubinsztein, D. C. (2009). Autophagy inhibition compromises degradation of ubiquitin-proteasome pathway substrates. Mol. Cell 33, 517–527. doi: 10.1016/j.molcel.2009.01.021

 Kostin, S., Pool, L., Elsässer, A., Hein, S., Drexler, H. C. A., Arnon, E., et al. (2003). Myocytes die by multiple mechanisms in failing human hearts. Circ. Res. 92, 715–724. doi: 10.1161/01.RES.0000067471.95890.5C

 Kupatt, C., Dessy, C., Hinkel, R., Raake, P., Daneau, G., Bouzin, C., et al. (2004). Heat shock protein 90 transfection reduces ischemia-reperfusion-induced myocardial dysfunction via reciprocal endothelial NO synthase serine 1177 phosphorylation and threonine 495 dephosphorylation. Arterioscler. Thromb. Vasc. Biol. 24, 1435–1441. doi: 10.1161/01.ATV.0000134300.87476.d1

 Lee, J. H., Won, S. M., Suh, J., Son, S. J., Moon, G. J., Park, U.-J., et al. (2010). Induction of the unfolded protein response and cell death pathway in Alzheimer's disease, but not in aged Tg2576 mice. Exp. Mol. Med. 42, 386–394. doi: 10.3858/emm.2010.42.5.040

 Li, C., Peng, Y., Zhou, B., Bai, W., and Rao, L. (2017). Association of LIM domain 7 gene polymorphisms and plasma levels of LIM domain 7 with dilated cardiomyopathy in a Chinese population. Appl. Biochem. Biotechnol. 182, 885–897. doi: 10.1007/s12010-016-2368-1

 Li, D., Parks, S. B., Kushner, J. D., Nauman, D., Burgess, D., Ludwigsen, S., et al. (2006). Mutations of presenilin genes in dilated cardiomyopathy and heart failure. Am. J. Hum. Genet. 79, 1030–1039. doi: 10.1086/509900

 Li, J., Horak, K. M., Su, H., Sanbe, A., Robbins, J., and Wang, X. (2011). Enhancement of proteasomal function protects against cardiac proteinopathy and ischemia/reperfusion injury in mice. J. Clin. Invest. 121, 3689–3700. doi: 10.1172/JCI45709

 Liao, R., Jain, M., Teller, P., Connors, L. H., Ngoy, S., Skinner, M., et al. (2001). Infusion of light chains from patients with cardiac amyloidosis causes diastolic dysfunction in isolated mouse hearts. Circulation 104, 1594–1597. doi: 10.1161/circ.104.14.1594

 Lim, J., Lachenmayer, M. L., Wu, S., Liu, W., Kundu, M., Wang, R., et al. (2015). Proteotoxic stress induces phosphorylation of p62/SQSTM1 by ULK1 to regulate selective autophagic clearance of protein aggregates. PLoS Genet. 11:e1004987. doi: 10.1371/journal.pgen.1004987

 Lin, J. T., Chang, W. C., Chen, H. M., Lai, H. L., Chen, C. Y., Tao, M. H., et al. (2013). Regulation of feedback between protein kinase A and the proteasome system worsens Huntington's disease. Mol. Cell. Biol. 33, 1073–1084. doi: 10.1128/MCB.01434-12

 Liu, J., Chen, Q., Huang, W., Horak, K. M., Zheng, H., Mestril, R., et al. (2006a). Impairment of the ubiquitin-proteasome system in desminopathy mouse hearts. FASEB J. 20, 362–364. doi: 10.1096/fj.05-4869fje

 Liu, J., Tang, M., Mestril, R., and Wang, X. (2006b). Aberrant protein aggregation is essential for a mutant desmin to impair the proteolytic function of the ubiquitin-proteasome system in cardiomyocytes. J. Mol. Cell. Cardiol. 40, 451–454. doi: 10.1016/j.yjmcc.2005.12.011

 Liu, Q., Sargent, M. A., York, A. J., and Molkentin, J. D. (2009). ASK1 regulates cardiomyocyte death but not hypertrophy in transgenic mice. Circ. Res. 105, 1110–1117. doi: 10.1161/CIRCRESAHA.109.200741

 Liu, X., Kwak, D., Lu, Z., Xu, X., Fassett, J., Wang, H., et al. (2014). Endoplasmic reticulum stress sensor protein kinase R-like endoplasmic reticulum kinase (PERK) protects against pressure overload-induced heart failure and lung remodeling. Hypertension 64, 738–744. doi: 10.1161/HYPERTENSIONAHA.114.03811

 Lokireddy, S., Kukushkin, N. V., and Goldberg, A. L. (2015). cAMP-induced phosphorylation of 26S proteasomes on Rpn6/PSMD11 enhances their activity and the degradation of misfolded proteins. Proc. Natl. Acad. Sci. U.S.A. 112, E7176–7185. doi: 10.1073/pnas.1522332112

 Lu, X., He, Y., Tang, C., Wang, X., Que, L., Zhu, G., et al. (2020). Triad3A attenuates pathological cardiac hypertrophy involving the augmentation of ubiquitination-mediated degradation of TLR4 and TLR9. Basic Res. Cardiol. 115:19. doi: 10.1007/s00395-020-0779-1

 Maloyan, A., Gulick, J., Glabe, C. G., Kayed, R., and Robbins, J. (2007). Exercise reverses preamyloid oligomer and prolongs survival in alphaB-crystallin-based desmin-related cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 104, 5995–6000. doi: 10.1073/pnas.0609202104

 Mclendon, P. M., and Robbins, J. (2015). Proteotoxicity and cardiac dysfunction. Circ. Res. 116, 1863–1882. doi: 10.1161/CIRCRESAHA.116.305372

 Merlini, G. (2017). AL amyloidosis: from molecular mechanisms to targeted therapies. Hematology Am. Soc. Hematol. Educ. Program 2017, 1–12. doi: 10.1182/asheducation-2017.1.1

 Milhavet, O., Martindale, J. L., Camandola, S., Chan, S. L., Gary, D. S., Cheng, A., et al. (2002). Involvement of Gadd153 in the pathogenic action of presenilin-1 mutations. J. Neurochem. 83, 673–681. doi: 10.1046/j.1471-4159.2002.01165.x

 Mimori, S., Kawada, K., Saito, R., Takahashi, M., Mizoi, K., Okuma, Y., et al. (2019). Indole-3-propionic acid has chemical chaperone activity and suppresses endoplasmic reticulum stress-induced neuronal cell death. Biochem. Biophys. Res. Commun. 517, 623–628. doi: 10.1016/j.bbrc.2019.07.074

 Misra, P., Blancas-Mejia, L. M., and Ramirez-Alvarado, M. (2019). Mechanistic insights into the early events in the aggregation of immunoglobulin light chains. Biochemistry 58, 3155–3168. doi: 10.1021/acs.biochem.9b00311

 Mori, H., Kondo, J., and Ihara, Y. (1987). Ubiquitin is a component of paired helical filaments in Alzheimer's disease. Science 235, 1641–1644. doi: 10.1126/science.3029875

 Munch, C. (2018). The different axes of the mammalian mitochondrial unfolded protein response. BMC Biol. 16:81. doi: 10.1186/s12915-018-0548-x

 Murata, K., Lu, W., Hashimoto, M., Ono, N., Muratani, M., Nishikata, K., et al. (2018). PRMT1 deficiency in mouse juvenile heart induces dilated cardiomyopathy and reveals cryptic alternative splicing products. iScience 8, 200–213. doi: 10.1016/j.isci.2018.09.023

 Myeku, N., Clelland, C. L., Emrani, S., Kukushkin, N. V., Yu, W. H., Goldberg, A. L., et al. (2016). Tau-driven 26S proteasome impairment and cognitive dysfunction can be prevented early in disease by activating cAMP-PKA signaling. Nat. Med. 22, 46–53. doi: 10.1038/nm.4011

 Nakagawa, T., Zhu, H., Morishima, N., Li, E., Xu, J., Yankner, B. A., et al. (2000). Caspase-12 mediates endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-β. Nature 403, 98–103. doi: 10.1038/47513

 Niwa, M., Sidrauski, C., Kaufman, R. J., and Walter, P. (1999). A role for presenilin-1 in nuclear accumulation of Ire1 fragments and induction of the mammalian unfolded protein response. Cell 99, 691–702. doi: 10.1016/S0092-8674(00)81667-0

 Ojha, J., Masilamoni, G., Dunlap, D., Udoff, R. A., and Cashikar, A. G. (2011). Sequestration of toxic oligomers by HspB1 as a cytoprotective mechanism. Mol. Cell. Biol. 31, 3146–3157. doi: 10.1128/MCB.01187-10

 Okada, K.-I., Minamino, T., Tsukamoto, Y., Liao, Y., Tsukamoto, O., Takashima, S., et al. (2004). Prolonged endoplasmic reticulum stress in hypertrophic and failing heart after aortic constriction. Circulation 110, 705–712. doi: 10.1161/01.CIR.0000137836.95625.D4

 Pagan, J., Seto, T., Pagano, M., and Cittadini, A. (2013). Role of the ubiquitin proteasome system in the heart. Circ. Res. 112, 1046–1058. doi: 10.1161/CIRCRESAHA.112.300521

 Pan, B., Li, J., Parajuli, N., Tian, Z., Wu, P., Lewno Megan, T., et al. (2020). The calcineurin-TFEB-p62 pathway mediates the activation of cardiac macroautophagy by proteasomal malfunction. Circ. Res. 127, 502–518. doi: 10.1161/CIRCRESAHA.119.316007

 Pan, Y.-X., Lin, L., Ren, A.-J., Pan, X.-J., Chen, H., Tang, C.-S., et al. (2004). HSP70 and GRP78 induced by endothelin-1 pretreatment enhance tolerance to hypoxia in cultured neonatal rat cardiomyocytes. J. Cardiovasc. Pharmacol. 44(Suppl. 1), S117–S120. doi: 10.1097/01.fjc.0000166234.11336.a9

 Park, C. S., Cha, H., Kwon, E. J., Sreenivasaiah, P. K., and Kim, D. H. (2012). The chemical chaperone 4-phenylbutyric acid attenuates pressure-overload cardiac hypertrophy by alleviating endoplasmic reticulum stress. Biochem. Biophys. Res. Commun. 421, 578–584. doi: 10.1016/j.bbrc.2012.04.048

 Pawlak, A., Rejmak-Kozicka, E., Gil, K. E., Ziemba, A., Kaczmarek, L., and Gil, R. J. (2019). Patterns of desmin expression in idiopathic dilated cardiomyopathy are related to the desmin mRNA and ubiquitin expression. J. Investig. Med. 67, 11–19. doi: 10.1136/jim-2017-000707

 Perry, G., Friedman, R., Shaw, G., and Chau, V. (1987). Ubiquitin is detected in neurofibrillary tangles and senile plaque neurites of Alzheimer disease brains. Proc. Natl. Acad. Sci. U.S.A. 84:3033. doi: 10.1073/pnas.84.9.3033

 Petersen, A., Kutsche, H. S., Nippert, F., Schreckenberg, R., Schulz, R., and Schlüter, K.-D. (2020). Induction of proteasome subunit low molecular weight protein (LMP)-2 is required to induce active remodeling in adult rat ventricular cardiomyocytes. Med. Sci. 8:21. doi: 10.3390/medsci8020021

 Picken, M. M. (2020). The pathology of amyloidosis in classification: a review. Acta Haematol. 143, 322–334. doi: 10.1159/000506696

 Plemper, R. K., and Wolf, D. H. (1999). Endoplasmic reticulum degradation. reverse protein transport and its end in the proteasome. Mol. Biol. Rep. 26, 125–130.

 Powell, S. R., Herrmann, J., Lerman, A., Patterson, C., and Wang, X. (2012). The ubiquitin-proteasome system and cardiovascular disease. Prog. Mol. Biol. Transl. Sci. 109, 295–346. doi: 10.1016/B978-0-12-397863-9.00009-2

 Predmore, J. M., Wang, P., Davis, F., Bartolone, S., Westfall, M. V., Dyke, D. B., et al. (2010). Ubiquitin proteasome dysfunction in human hypertrophic and dilated cardiomyopathies. Circulation 121, 997–1004. doi: 10.1161/CIRCULATIONAHA.109.904557

 Rabbani, N., and Thornalley, P. J. (2019). Hexokinase-2 glycolytic overload in diabetes and ischemia-reperfusion injury. Trends Endocrinol. Metab. 30, 419–431. doi: 10.1016/j.tem.2019.04.011

 Ranek, M. J., Terpstra, E. J., Li, J., Kass, D. A., and Wang, X. (2013). Protein kinase g positively regulates proteasome-mediated degradation of misfolded proteins. Circulation 128, 365–376. doi: 10.1161/CIRCULATIONAHA.113.001971

 Reitz, C., Brickman, A. M., Luchsinger, J. A., Wu, W. E., Small, S. A., and Tang, M. X. (2007). Frequency of subclinical heart disease in elderly persons with dementia. Am. J. Geriatr. Cardiol. 16, 183–188. doi: 10.1111/j.1076-7460.2007.06511.x

 Renkawek, K., Voorter, C. E. M., Bosman, G. J. C. G. M., Van Workum, F. P. A., and De Jong, W. W. (1994). Expression of αB-crystallin in Alzheimer's disease. Acta Neuropathol 87, 155–160. doi: 10.1007/BF00296185

 Riederer, B. M., Leuba, G., Vernay, A., and Riederer, I. M. (2011). The role of the ubiquitin proteasome system in Alzheimer's disease. Exp. Biol. Med. 236, 268–276. doi: 10.1258/ebm.2010.010327

 Rozpedek-Kamińska, W., Siwecka, N., Wawrzynkiewicz, A., Wojtczak, R., Pytel, D., Diehl, J. A., et al. (2020). The PERK-dependent molecular mechanisms as a novel therapeutic target for neurodegenerative diseases. Int. J. Mol. Sci. 21:2108. doi: 10.3390/ijms21062108

 Rusten, T. E., and Stenmark, H. (2010). p62, an autophagy hero or culprit? Nat. Cell Biol. 12, 207–209. doi: 10.1038/ncb0310-207

 Ruz, C., Alcantud, J. L., Vives Montero, F., Duran, R., and Bandres-Ciga, S. (2020). Proteotoxicity and neurodegenerative diseases. Int. J. Mol. Sci. 21:5646. doi: 10.3390/ijms21165646

 Salminen, A., Kauppinen, A., Suuronen, T., Kaarniranta, K., and Ojala, J. (2009). ER stress in Alzheimer's disease: a novel neuronal trigger for inflammation and Alzheimer's pathology. J. Neuroinflammation 6:41. doi: 10.1186/1742-2094-6-41

 Sanbe, A., Osinska, H., Saffitz, J. E., Glabe, C. G., Kayed, R., Maloyan, A., et al. (2004). Desmin-related cardiomyopathy in transgenic mice: a cardiac amyloidosis. Proc. Natl. Acad. Sci. U.S.A. 101, 10132–10136. doi: 10.1073/pnas.0401900101

 Sato, N., Urano, F., Yoon Leem, J., Kim, S.-H., Li, M., Donoviel, D., et al. (2000). Upregulation of BiP and CHOP by the unfolded-protein response is independent of presenilin expression. Nat. Cell Biol. 2, 863–870. doi: 10.1038/35046500

 Scheper, W., Hoozemans, J. J. M., Hoogenraad, C. C., Rozemuller, A. J. M., Eikelenboom, P., and Baas, F. (2007). Rab6 is increased in Alzheimer's disease brain and correlates with endoplasmic reticulum stress. Neuropathol. Appl. Neurobiol. 33, 523–532. doi: 10.1111/j.1365-2990.2007.00846.x

 Schubert, U., Antón, L. C., Gibbs, J., Norbury, C. C., Yewdell, J. W., and Bennink, J. R. (2000). Rapid degradation of a large fraction of newly synthesized proteins by proteasomes. Nature 404, 770–774. doi: 10.1038/35008096

 Sergin, I., Bhattacharya, S., Emanuel, R., Esen, E., Stokes, C. J., Evans, T. D., et al. (2016). Inclusion bodies enriched for p62 and polyubiquitinated proteins in macrophages protect against atherosclerosis. Sci. Signal 9:ra2. doi: 10.1126/scisignal.aad5614

 Seyb, K. I., Ansar, S., Bean, J., and Michaelis, M. L. (2006). β-amyloid and endoplasmic reticulum stress reponses in primary neurons. J. Mol. Neurosci. 28, 111–123. doi: 10.1385/JMN:28:2:111

 Sha, Z., Schnell, H. M., Ruoff, K., and Goldberg, A. (2018). Rapid induction of p62 and GABARAPL1 upon proteasome inhibition promotes survival before autophagy activation. J. Cell Biol. 217, 1757–1776. doi: 10.1083/jcb.201708168

 Sheng, M., Lu, H., Liu, P., Li, Y., Ravi, H., Peng, S. L., et al. (2017). Sildenafil improves vascular and metabolic function in patients with Alzheimer's disease. J. Alzheimers. Dis. 60, 1351–1364. doi: 10.3233/JAD-161006

 Shi, J., Guan, J., Jiang, B., Brenner, D. A., Del Monte, F., Ward, J. E., et al. (2010). Amyloidogenic light chains induce cardiomyocyte contractile dysfunction and apoptosis via a non-canonical p38alpha MAPK pathway. Proc. Natl. Acad. Sci. U.S.A. 107, 4188–4193. doi: 10.1073/pnas.0912263107

 Shinohara, H., Inaguma, Y., Goto, S., Inagaki, T., and Kato, K. (1993). αB crystallin and HSP28 are enhanced in the cerebral cortex of patients with Alzheimer's disease. J. Neurol. Sci. 119, 203–208. doi: 10.1016/0022-510X(93)90135-L

 Shintani-Ishida, K., Nakajima, M., Uemura, K., and Yoshida, K.-I. (2006). Ischemic preconditioning protects cardiomyocytes against ischemic injury by inducing GRP78. Biochem. Biophys. Res. Commun. 345, 1600–1605. doi: 10.1016/j.bbrc.2006.05.077

 Shiojima, I., Sato, K., Izumiya, Y., Schiekofer, S., Ito, M., Liao, R., et al. (2005). Disruption of coordinated cardiac hypertrophy and angiogenesis contributes to the transition to heart failure. J. Clin. Invest. 115, 2108–2118. doi: 10.1172/JCI24682

 Shu, Q., Lai, S., Wang, X.-M., Zhang, Y.-L., Yang, X.-L., Bi, H.-L., et al. (2018). Administration of ubiquitin-activating enzyme UBA1 inhibitor PYR-41 attenuates angiotensin II-induced cardiac remodeling in mice. Biochem. Biophys. Res. Commun. 505, 317–324. doi: 10.1016/j.bbrc.2018.09.100

 Smyrnias, I., Gray, S. P., Okonko, D. O., Sawyer, G., Zoccarato, A., Catibog, N., et al. (2019). Cardioprotective effect of the mitochondrial unfolded protein response during chronic pressure overload. J. Am. Coll. Cardiol. 73, 1795–1806. doi: 10.1016/j.jacc.2018.12.087

 Sorrentino, V., Romani, M., Mouchiroud, L., Beck, J. S., Zhang, H., D'amico, D., et al. (2017). Enhancing mitochondrial proteostasis reduces amyloid-beta proteotoxicity. Nature 552, 187–193. doi: 10.1038/nature25143

 Spanig, S., Kellermann, K., Dieterlen, M. T., Noack, T., Lehmann, S., Borger, M. A., et al. (2019). The ubiquitin proteasome system in ischemic and dilated cardiomyopathy. Int. J. Mol. Sci. 20:6354. doi: 10.3390/ijms20246354

 Stark, K., Esslinger, U. B., Reinhard, W., Petrov, G., Winkler, T., Komajda, M., et al. (2010). Genetic association study identifies HSPB7 as a risk gene for idiopathic dilated cardiomyopathy. PLoS Genet. 6:e1001167. doi: 10.1371/journal.pgen.1001167

 Su, H., and Wang, X. (2020). Proteasome malfunction activates the PPP3/calcineurin-TFEB-SQSTM1/p62 pathway to induce macroautophagy in the heart. Autophagy 16, 2114–2116. doi: 10.1080/15548627.2020.1816666

 Subramanian, K., Gianni, D., Balla, C., Assenza, G. E., Joshi, M., Semigran, M. J., et al. (2015). Cofilin-2 phosphorylation and sequestration in myocardial aggregates: novel pathogenetic mechanisms for idiopathic dilated cardiomyopathy. J. Am. Coll. Cardiol. 65, 1199–1214. doi: 10.1016/j.jacc.2015.01.031

 Suzuki, Y. (2014). Emerging novel concept of chaperone therapies for protein misfolding diseases. Proc. Jpn Acad. Ser. B Phys. Biol. Sci. 90, 145–162. doi: 10.2183/pjab.90.145

 Szweda, P. A., Friguet, B., and Szweda, L. I. (2002). Proteolysis, free radicals, and aging. Free Radic. Biol. Med. 33, 29–36. doi: 10.1016/S0891-5849(02)00837-7

 Terro, F., Czech, C., Esclaire, F., Elyaman, W., Yardin, C., Baclet, M.-C., et al. (2002). Neurons overexpressing mutant presenilin-1 are more sensitive to apoptosis induced by endoplasmic reticulum-Golgi stress. J. Neurosci. Res. 69, 530–539. doi: 10.1002/jnr.10312

 Thuerauf, D. J., Marcinko, M., Gude, N., Rubio, M., Sussman, M. A., and Glembotski, C. C. (2006). Activation of the unfolded protein response in infarcted mouse heart and hypoxic cultured cardiac myocytes. Circ. Res. 99, 275–282. doi: 10.1161/01.RES.0000233317.70421.03

 Torres, M., Encina, G., Soto, C., and Hetz, C. (2011). Abnormal calcium homeostasis and protein folding stress at the ER. Commun. Integr. Biol. 4, 258–261. doi: 10.4161/cib.4.3.15019

 Tóth, M. E., Szegedi, V., Varga, E., Juhász, G., Horváth, J., Borbély, E., et al. (2013). Overexpression of Hsp27 ameliorates symptoms of Alzheimer's disease in APP/PS1 mice. Cell Stress Chaperones 18, 759–771. doi: 10.1007/s12192-013-0428-9

 Troncone, L., Luciani, M., Coggins, M., Wilker, E. H., Ho, C. Y., Codispoti, K. E., et al. (2016). Aβ amyloid pathology affects the hearts of patients with alzheimer's disease: mind the heart. J. Am. Coll. Cardiol. 68, 2395–2407. doi: 10.1016/j.jacc.2016.08.073

 Tublin, J. M., Adelstein, J. M., del Monte, F., Combs, C. K., and Wold, L. E. (2019). Getting to the Heart of Alzheimer Disease. Circ. Res. 124, 142–149. doi: 10.1161/CIRCRESAHA.118.313563

 Uddin, M. S., Stachowiak, A., Mamun, A. A., Tzvetkov, N. T., Takeda, S., Atanasov, A. G., et al. (2018). Autophagy and Alzheimer's disease: from molecular mechanisms to therapeutic implications. Front. Aging Neurosci. 10:4. doi: 10.3389/fnagi.2018.00004

 Uddin, M. S., Tewari, D., Sharma, G., Kabir, M. T., Barreto, G. E., Bin-Jumah, M. N., et al. (2020). Molecular mechanisms of ER stress and UPR in the pathogenesis of Alzheimer's disease. Mol. Neurobiol. 57, 2902–2919. doi: 10.1007/s12035-020-01929-y

 Unterberger, U., Höftberger, R., Gelpi, E., Flicker, H., Budka, H., and Voigtländer, T. (2006). Endoplasmic reticulum stress features are prominent in Alzheimer disease but not in prion diseases in vivo. J. Neuropathol. Exp. Neurol. 65, 348–357. doi: 10.1097/01.jnen.0000218445.30535.6f

 Urbina-Varela, R., Castillo, N., Videla, L. A., and Del Campo, A. (2020). Impact of mitophagy and mitochondrial unfolded protein response as new adaptive mechanisms underlying old pathologies: sarcopenia and non-alcoholic fatty liver disease. Int. J. Mol. Sci. 21:7704. doi: 10.3390/ijms21207704

 Venkatesh, S., Li, M., Saito, T., Tong, M., Rashed, E., Mareedu, S., et al. (2019). Mitochondrial LonP1 protects cardiomyocytes from ischemia/reperfusion injury in vivo. J. Mol. Cell. Cardiol. 128, 38–50. doi: 10.1016/j.yjmcc.2018.12.017

 Verplank, J. J. S., Lokireddy, S., Zhao, J., and Goldberg, A. L. (2019). 26S Proteasomes are rapidly activated by diverse hormones and physiological states that raise cAMP and cause Rpn6 phosphorylation. Proc. Natl. Acad. Sci. U.S.A. 116, 4228–4237. doi: 10.1073/pnas.1809254116

 Vitadello, M., Penzo, D., Petronilli, V., Michieli, G., Gomirato, S., Menabò, R., et al. (2003). Overexpression of the stress-protein Grp94 reduces cardiomyocyte necrosis due to calcium overload and simulated ischemia. FASEB J. 17, 923–925. doi: 10.1096/fj.02-0644fje

 Vitolo, O. V., Sant'angelo, A., Costanzo, V., Battaglia, F., Arancio, O., and Shelanski, M. (2002). Amyloid beta -peptide inhibition of the PKA/CREB pathway and long-term potentiation: reversibility by drugs that enhance cAMP signaling. Proc. Natl. Acad. Sci. U.S.A. 99, 13217–13221. doi: 10.1073/pnas.172504199

 Wang, C. F., and Huang, Y. S. (2012). Calpain 2 activated through N-methyl-D-aspartic acid receptor signaling cleaves CPEB3 and abrogates CPEB3-repressed translation in neurons. Mol. Cell. Biol. 32, 3321–3332. doi: 10.1128/MCB.00296-12

 Wang, X., Bi, X., Zhang, G., Deng, Y., Luo, X., Xu, L., et al. (2018). Glucose-regulated protein 78 is essential for cardiac myocyte survival. Cell Death Differ. 25, 2181–2194. doi: 10.1038/s41418-018-0109-4

 Wang, X., Osinska, H., Klevitsky, R., Gerdes, A. M., Nieman, M., Lorenz, J., et al. (2001). Expression of R120G-alphaB-crystallin causes aberrant desmin and alphaB-crystallin aggregation and cardiomyopathy in mice. Circ. Res. 89, 84–91. doi: 10.1161/hh1301.092688

 Wang, X., Pattison, J. S., and Su, H. (2013). Posttranslational modification and quality control. Circ. Res. 112, 367–381. doi: 10.1161/CIRCRESAHA.112.268706

 Wang, X., Su, H., and Ranek, M. J. (2008). Protein quality control and degradation in cardiomyocytes. J. Mol. Cell. Cardiol. 45, 11–27. doi: 10.1016/j.yjmcc.2008.03.025

 Wang, X., and Wang, H. (2020). Priming the proteasome to protect against proteotoxicity. Trends Mol. Med. 26, 639–648. doi: 10.1016/j.molmed.2020.02.007

 Wang, X. Z., Lawson, B., Brewer, J. W., Zinszner, H., Sanjay, A., Mi, L. J., et al. (1996). Signals from the stressed endoplasmic reticulum induce C/EBP-homologous protein (CHOP/GADD153). Mol. Cell. Biol. 16, 4273–4280. doi: 10.1128/MCB.16.8.4273

 Wang, Z. V., Deng, Y., Gao, N., Pedrozo, Z., Li, D. L., Morales, C. R., et al. (2014). Spliced X-box binding protein 1 couples the unfolded protein response to hexosamine biosynthetic pathway. Cell 156, 1179–1192. doi: 10.1016/j.cell.2014.01.014

 Webster, J. M., Darling, A. L., Uversky, V. N., and Blair, L. J. (2019). Small heat shock proteins, big impact on protein aggregation in neurodegenerative disease. Front. Pharmacol. 10, 1047–1047. doi: 10.3389/fphar.2019.01047

 Welch, W. J. (2004). Role of quality control pathways in human diseases involving protein misfolding. Semin. Cell Dev. Biol. 15, 31–38. doi: 10.1016/j.semcdb.2003.12.011

 Wilhelmus, M. M. M., Boelens, W. C., Otte-Höller, I., Kamps, B., Kusters, B., Maat-Schieman, M. L. C., et al. (2006). Small heat shock protein HspB8: its distribution in Alzheimer's disease brains and its inhibition of amyloid-β protein aggregation and cerebrovascular amyloid-β toxicity. Acta Neuropathol. 111, 139–149. doi: 10.1007/s00401-005-0030-z

 Willis, M. S., and Patterson, C. (2013). Proteotoxicity and cardiac dysfunction–Alzheimer's disease of the heart? N. Engl. J. Med. 368, 455–464. doi: 10.1056/NEJMra1106180

 Willis, M. S., Schisler, J. C., Portbury, A. L., and Patterson, C. (2008). Build it up–Tear it down: protein quality control in the cardiac sarcomere. Cardiovasc. Res. 81, 439–448. doi: 10.1093/cvr/cvn289

 Wright, A. L., Zinn, R., Hohensinn, B., Konen, L. M., Beynon, S. B., Tan, R. P., et al. (2013). Neuroinflammation and neuronal loss precede Abeta plaque deposition in the hAPP-J20 mouse model of Alzheimer's disease. PLoS ONE 8:e59586. doi: 10.1371/journal.pone.0059586

 Wu, W., Lai, L., Xie, M., and Qiu, H. (2020). Insights of heat shock protein 22 in the cardiac protection against ischemic oxidative stress. Redox Biol. 34:101555. doi: 10.1016/j.redox.2020.101555

 Xie, X., Wang, H.-X., Li, N., Deng, Y.-W., Bi, H.-L., Zhang, Y.-L., et al. (2020). Selective inhibition of the immunoproteasome β5i prevents PTEN degradation and attenuates cardiac hypertrophy. Front. Pharmacol. 11:885. doi: 10.3389/fphar.2020.00885

 Yamaguchi, O., Higuchi, Y., Hirotani, S., Kashiwase, K., Nakayama, H., Hikoso, S., et al. (2003). Targeted deletion of apoptosis signal-regulating kinase 1 attenuates left ventricular remodeling. Proc. Natl. Acad. Sci. 100, 15883–15888. doi: 10.1073/pnas.2136717100

 Yamasaki-Mann, M., Demuro, A., and Parker, I. (2010). Modulation of endoplasmic reticulum Ca2+ store filling by cyclic ADP-ribose promotes inositol trisphosphate (IP3)-evoked Ca2+ signals. J. Biol. Chem. 285, 25053–25061. doi: 10.1074/jbc.M109.095257

 Yan, W., Dong, Z.-C., Wang, J.-J., Zhang, Y.-L., Wang, H.-X., Zhang, B., et al. (2020). Deficiency of the immunoproteasome LMP10 subunit attenuates angiotensin II-induced cardiac hypertrophic remodeling via autophagic degradation of gp130 and IGF1R. Front. Physiol. 11:625. doi: 10.3389/fphys.2020.00625

 Yang, H., Wang, X.-X., Zhou, C.-Y., Xiao, X., Tian, C., Li, H.-H., et al. (2020). Tripartite motif 10 regulates cardiac hypertrophy by targeting the PTEN/AKT pathway. J. Cell. Mol. Med. 24, 6233–6241. doi: 10.1111/jcmm.15257

 Yu, Z., Luo, H., Fu, W., and Mattson, M. P. (1999). The endoplasmic reticulum stress-responsive protein GRP78 protects neurons against excitotoxicity and apoptosis: suppression of oxidative stress and stabilization of calcium homeostasis. Exp. Neurol. 155, 302–314. doi: 10.1006/exnr.1998.7002

 Zheng, Q., Su, H., Ranek, M. J., and Wang, X. (2011). Autophagy and p62 in cardiac proteinopathy. Circ. Res. 109, 296–308. doi: 10.1161/CIRCRESAHA.111.244707

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Evangelisti, Butler and del Monte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fphys-11-625974-t001.jpg
Significant feature

Key findings

References

AB Aggregates in Heart and Brain

Ca?* Hypothesis

ER Stress in Heart and Brain

Enhancing UPRER and UPR™ to treat
neurodegenerative and cardiovascular
disease

Targeting UPS to treat neurodegenerative
and cardiovascular disease

Enhancing autophagy to treat
neurodegenerative and cardiovascular
disease

Plaque-like amyloid deposits in patients diagnosed with idiopathic
dilated cardiomyopathy (DCM)

Reduced proteasome activity leads to Ca2* dysregulation which favors.
protein misfolding

Intracellular Ca* homeostasis disruption promotes cell dysfunction
and death

ER stress increases in failing hearts

Inhibition of ER stress due to Af overload inhibits neurol apoptosis in
AD mice

Physical exercise alleviates cognitive impairment in AD mouse by
reducing the expression of abnormal ER stress markers

ATF6 reprograms proteostasis, induces MANF, a protein folding
chaperone in the heart, and downregulates the levels of p-site APP
cleaving enzyme in AD models.

GRP78, an ER Ca2* dependent chaperone, protects against ischemic
myocardial injury and restore ER stress in AD models.
Overexpression of LonP1, one of the main mitochondial proteases,
can mitigate cardiac injury during ischemic-reperfusion

Enhancement of UPR™ in pressure-overloaded mice hearts
significantly improves cardiomyocyte survival and and cardiac
contractile function

LMP-2, a proteasome subunit, allows the breakdown of pre-existing
sarcomeres, required for cardiac remodeling processes.

Triad3A, a E3 ligase, attenuates cardiac hypertrophy

Resveratrol (RES) blocks immunoproteasome subunits (311, B2i and
B5)) and reduces cardiac hypertrophy

AMP/PKA enhances clearance of aggregation-prone proteins in
neurodegenerative diseases

CGMP/PKG positively regulates proteasome-mediated proteolysis
degrading mutated CryAB in desmin cardiomyopathy

TRAF6/p62 expression may relieve Ag-mediated inhibition of p75 N
polyubiquitination and restore neuronal cell survival

Gianni et al., 2010; Troncone et al., 2016;
Tublin et al., 2019

Uddin et al., 2020

Demuro et al., 2005, 2010; Gianni et al.,
2010; Yamasaki-Mann et al., 2010; Torres
etal., 2011; Demuro and Parker, 2013

Okada et al., 2004; Guan et al., 2011;
Park et al., 2012; Castillero et al., 2015;
Uddin et al., 2018, 2020

He et al., 2020
Hong et al,, 2020

Blackwood et al., 2019a; Arrieta et al.,
2020; Du et al., 2020

Vitadello et al., 2008; Pan et al., 2004;
Shintani-Ishida et al., 2006

Venkatesh et al., 2019

Smymias et al., 2019

Petersen et al., 2020

Lu et al., 2020
Chen et al., 2019; Xie et al., 2020; Yan
etal., 2020

Lin et al., 2013; Ranek et al., 2013;
Lokireddy et al., 2015; Myeku et al., 2016

Liu et al., 2006a,b; Ranek et al., 2013

Babu et al., 2005; Geetha et al.,, 2012;
Chen et al., 2020






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Heart of the Alzheimer's: A Mindful View of Heart Disease



		Introduction



		Aggregates: Indexes of Misfolding—Origin and Consequences in the Heart and Brain



		Folding Oversee: The Protein Quality Control (PQC)



		The Unfolded Protein Response (UPR)



		UPR in the Brain and Heart



		HSR



		UPRER



		UPRmt









		Ubiquitin Protease System (UPS)



		UPS in the Brain and Heart



		Autophagy







		The Direct Link Between AD and HF



		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Physiology

The Heart of the Alzheimer’s: A
Mindful View of Heart Disease





OPS/images/fphys-11-625974-g001.gif
[Bwizindc Pactors:
st
e

Redosed Prossece Pscin t

=y | e
/(' e apepiion @) ‘3\

o (B

Midolded ot
Aggregaons






OPS/images/fphys-11-625974-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





