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Ageing is a progressive physiological process mediated by changes in biological
pathways, resulting in a decline in tissue and cellular function. It is a driving factor in
numerous age-related diseases including cardiovascular diseases (CVDs).
Cardiomyopathies, hypertension, ischaemic heart disease, and heart failure are some
of the age-related CVDs that are the leading causes of death worldwide. Although
individual CVDs have distinct clinical and pathophysiological manifestations, a
disturbance in cellular homeostasis underlies the majority of diseases which is further
compounded with aging. Three key evolutionary conserved signalling pathways, namely,
autophagy, mitophagy and the unfolded protein response (UPR) are involved in eliminating
damaged and dysfunctional organelle, misfolded proteins, lipids and nucleic acids,
together these molecular processes protect and preserve cellular homeostasis.
However, amongst the numerous molecular changes during ageing, a decline in the
signalling of these key molecular processes occurs. This decline also increases the
susceptibility of damage following a stressful insult, promoting the development and
pathogenesis of CVDs. In this review, we discuss the role of autophagy, mitophagy and
UPR signalling with respect to ageing and cardiac disease. We also highlight potential
therapeutic strategies aimed at restoring/rebalancing autophagy and UPR signalling to
maintain cellular homeostasis, thus mitigating the pathological effects of ageing and CVDs.
Finally, we highlight some limitations that are likely hindering scientific drug research in
this field.
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1 INTRODUCTION

Cardiovascular diseases (CVDs) are still the dominant cause of mortality and morbidity worldwide,
with their prevalence increasing significantly over the years, especially in developed countries. The
age-standardized global mortality of CVDs constantly increases yearly despite reduced morbidity
due to increasing longevity. Ageing is considered a key risk factor for the development of CVDs.
Heart failure prevalence increases nearly 15 times in the population over 80 years old compared with
20–39 years old adults (Benjamin et al., 2017).
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Cardiac ageing features changes in cardiac structure and
function, aggravated pathological hypertrophy and fibrosis,
increased inflammatory responses and contributes to a
functional decline in contractility. Numerous studies have
identified that in the aged and diseased heart, a hallmarking
feature is a disturbance in cellular homeostasis (Melser et al.,
2013). There is an accumulation of damaged organelle as well as
misfolded, unfolded, insoluble or damaged proteins both in the
organelle and in the cytosol of cardiomyocytes which poses a
proteotoxic threat to cell survival. This is particularly detrimental
in the heart as cardiomyocytes are post-mitotic cells with a
limited regenerative capacity. Disrupted cellular homeostasis
also provokes the onset of CVDs. Therefore, to preserve
cardiac function and increase survival, a number of well-
orchestrated signalling processes aim to restore cellular
balance by clearing the cell of unwanted proteins and
organelle (Henning and Brundel, 2017). The evolutionarily
conserved pathways involved in these processes include
autophagy (Aman et al., 2021), mitophagy (Barbosa et al.,
2019) and the unfolded protein response (UPR) (Koga et al.,
2011).

These essential processes decline during aging, exacerbating
disrupted cellular homeostasis. In recent decades, there have been
significant advances in the understanding of the molecules and
signalling pathways involved in these key events. As a result,
novel targets for therapeutic intervention and drug development
are beginning to emerge. Manipulating components among these
signalling cascades can be achieved through pharmacological
interventions. This holds the potential to restore cellular
homeostasis within cardiomyocytes, promoting longevity and
preventing pathological ageing and the onset of CVDs
(Galluzzi et al., 2017).

2 PATHOPHYSIOLOGICAL PROCESSES
INVOLVED IN CARDIAC AGEING

All tissues in the body require oxygenated blood pumped by the
heart. Hence, cardiovascular health is critical for the function of
every single tissue as well as the longevity of the whole organism.
However, it is inevitable that ageing is accompanied by a
continuous decline in nearly most physiological processes,
which makes the individual more susceptible to diseases and
complications (Lakatta and Levy, 2003a). Therefore, ageing has a
notable influence on the cardiovascular system, presenting as
pathological remodelling, impaired left ventricular (LV) diastolic
and systolic function, compromised endothelial function as well
as increased arterial stiffness (Lakatta and Levy, 2003a; Lakatta
and Levy, 2003b).

During ageing, there is a progressive decline in the number of
cardiomyocytes in the heart leading to increased mechanical
stress. To compensate, the remaining cardiomyocytes undergo
hypertrophy resulting in an increased LV wall thickness. The
hypertrophic cardiomyocytes present an increased nutrient and
oxygen demand creating a slightly hypoxic environment resulting
in increased reactive oxygen species (ROS) production (Meschiari
et al., 2017). Cardiac ageing is associated with a decline in cardiac

function demonstrated by a decreased fractional shortening,
ejection fraction, heart rate and cardiac output (Antelmi et al.,
2004), accumulating in a total decline in cardiac reserve capacity
and life quality of the elderly (Strait and Lakatta, 2012). In
addition, the early passive filling of the LV continues to
decline while the left atrium tries to augment the late active
filling. This results in enlargement and remodelling of the left
atrium, which progresses to a decline in diastolic function of the
aged heart (Lakatta and Levy, 2003a; North and Sinclair, 2012).

Furthermore, there is an increased deposition of extracellular
matrix and fibrosis due to increased matrix metalloproteinases
expression. Changes in the physical property of collagen, most
likely due to non-enzymatic crosslinking, have also been reported
in the aged heart. Cardiac fibroblasts are a key contributor to
extracellular matrix production as they produce various
extracellular matrix proteins such as collagen, α1-integrins, α2-
integrins, α5-integrins and fibronectin (Meschiari et al., 2017).
However, the underlying signalling mechanisms resulting in the
change in cardiac fibroblasts to increase extracellular matrix
production are unknown. Increased matrix metalloproteinases
presence in the heart is associated with reduced angiogenesis
ability. Ageing is accompanied by endothelial dysfunction due to
impaired eNOS (endothelial nitric oxide synthase) activity and
consequently reduced NO-dependent vasodilation (Collins and
Tzima, 2011). Endothelial proliferation is also impaired in aged
endothelial cells and is accompanied by reduced cellular
migration and blurry cellular barriers (Swift et al., 1999;
Weinsaft and Edelberg, 2001; Edelberg et al., 2002). This is
partially attributed to reduced sensitivity to growth factors and
facilitates extracellular matrix deposition, degradation of elastin
fibres and accumulation of collagen fibres in vascular media
(Sawabe, 2010). Moreover, increased peripheral vascular
resistance in ageing individuals contributes to an increase in
the stiffness of central elastic arteries, which subsequently reduces
diastolic central pressures and imposes more afterload, further
deteriorating cardiovascular health in the elderly (Nilsson et al.,
2014).

Although the adult heart possesses limited regenerative ability,
approximately 0.5–2% renewal rate per year, this percentage
further declines with age. This implies an age-dependent
decrease in the ability of the cardiac tissue to compensate for
cardiomyocyte loss. This is also compounded with increased cell
death in the heart (Li et al., 2020). Numerous animal studies have
demonstrated that telomere shortening and damage are
prominent features of cardiac ageing. Impaired telomeric DNA
structure causes damage to the DNA, leading to cell cycle arrest
and ultimately cell death (Li et al., 2020). Another key contributor
to cardiac ageing includes an increased expression of pro-
inflammatory factors such as IL-6, IL-1α and IL-1β. Another
factor involved in cardiac ageing is an age-dependent alteration in
Ca2+ signalling contributing to impaired cardiac relaxation and
contraction. The sarcoplasmic reticulum Ca2+ pump (SERCA2) is
involved in handling intracellular Ca2+ stores, however during
ageing SERCA2 activity decreases (Janczewski and Lakatta, 2010).

Growing evidence from rodent models recapitulating features
of human disease as well as aged mice and human samples have
shown that there is an imbalance in cellular homeostasis within
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the myocardium. Genome-wide microarray as well as
transcriptome and proteome analysis has revealed distinct
differences in gene expression between young and old
cardiomyocytes (Bernhard and Laufer, 2008). Numerous genes
involved in autophagy, mitophagy and UPR signalling have
shown an age-dependent decline in expression. This results in
a reduced ability of the cell to maintain protein homeostasis
(proteostasis) driving age-related cellular dysfunction. During
ageing, cells become burdened with increasing loads of
misfolded proteins and damaged organelle (Hipp et al., 2019).

3 AUTOPHAGY

Autophagy is an evolutionarily conserved pathway that plays a
critical role in physiological and pathological cellular
homeostasis. It is a form of intracellular degradation to
destroy and recycle, damaged organelle and other
cytoplasmic components. This cytoprotective mechanism
ensures that there is appropriate organelle and protein turn-
over to prevent excessive build-up of damaged organelles.
Defective autophagy can lead to the endoplasmic reticulum
(ER) stress and mitochondrial dysfunction leading to cell
death (Aman et al., 2021). Overall, autophagy ensures the
mitigation of cellular stress. There are three main types of
autophagy, chaperone-mediated autophagy, micro-autophagy
and macro-autophagy (Hansen et al., 2018).

During chaperone-mediated autophagy, selective cytosolic
proteins expressing the amino acid motif KFERQ are
recognised by chaperones such as the constitutive chaperone
heat shock cognate protein of 70 kDa (HSC70). The protein is
then transported into the lysosome via the lysosomal membrane
protein LAMP2A for degradation (Cuervo and Wong, 2014).
Approximately 30% of proteins are degraded in this manner
(Alfaro, 2019). Micro-autophagy refers to the direct uptake of
proteins required for degradation via invagination or protrusion
of the lysosomal membrane (Schiattarella and Hill, 2016).

Compared to chaperone-mediated autophagy and micro-
autophagy, macro-autophagy is the most prevalent form
(Galluzzi et al., 2017). Macro-autophagy consists of a multi-
step process: initiation, nucleation, cargo recognition and
packaging, autophagosome expansion, autophagosome-
lysosome fusion and cargo degradation (Yang and Klionsky,
2009). Autophagy initiation involves the assembly of the Unc-
51-like kinase (ULK) complex consisting of ULK1, ATG101,
ATG13 and focal adhesion kinase family interacting protein of
200 kDa (FIP200) (Hurley and Young, 2017). Under normal
physiological conditions, the mammalian target of rapamycin
complex 1 (mTORC1) phosphorylates ATG13 and ULK1 to
prevent the induction of autophagy. Following stimulation,
mTORC1 activity is inhibited leading to dephosphorylation of
ULK1 and ATG13 (Yang and Klionsky, 2009). Concurrently,
ULK1 undergoes autophosphorylation before phosphorylating
ATG12 and FIP200. AMPK is also able to phosphorylate and
activate ULK1. AMPK is capable of disrupting the interaction
between ULK1 and mTORC1 but phosphorylating ULK1 at
Ser555 (Wang et al., 2019a).

The ULK1-ATG13-FIP200-ATG101 complex phosphorylates
various proteins including myosin-like Bcl-2 interacting protein 1
(Beclin-1), vacuolar protein sorting 34 (Vps34), Vps15 (also
known as p150) (Cao et al., 2021). This is essential to aid in
the transport of the class III phosphatidylinositol-3-kinases
(PI3K) complex I to the isolated membrane. Subsequently,
Vps34 phosphorylates phosphatidylinositol to induce the
synthesis of phosphatidylinositol-3-phosphate (PI3P).
Following the recruitment of the ATG2-WIPI (WD repeat
protein interacting with phosphoinositides), a double
membrane cup-shaped structure is formed called a
phagophore at the phagophore assembly site. Studies have
suggested that the phagophore arises from mitochondria and
endoplasmic reticulum subdomians (Wang et al., 2019a).

The phagophore undergoes elongation to encircle all the
cytosolic substances requiring degradation. There are two key
ubiquitin-like conjugation systems involved in this step: the
ATG12-ATG5-ATG16 complex and the microtubule
associated protein 1 light chain 3 (LC3) system (Dikic and
Elazar, 2018). ATG12 is first activated by E1 ubiquitin-
activating enzyme ATG7 before being transported to
E2 ubiquitin-conjugating enzyme ATG10 and conjugated to
ATG5. The ATG12-ATG5 conjugate subsequently binds to
ATG16 and undergoes self-oligomerisation into the ATG12-
ATG5-ATG16 complex (Su et al., 2020). The LC3 system
involves ATG4-mediated cleavage of the LC3 precursor
protein LC3-I. E1 enzyme ATG7 and E2 enzyme ATG3
activate LC3-I before it conjugates to
phosphatidylethanolamine (PE) to form the membrane
associated LC3-PE (LC3-II) complex. Conjugation of ATG8 to
PE at the C-terminus to yield ATG8-PE further promotes
phagophore elongation. The sealed phagophore (now known
as an autophagosome) undergoes maturation which involves
stripping and clearing of the ATGs from the autophagosome
outer membrane (Wang et al., 2019a).

During the final stage of autophagy, the autophagosome fuses
with the vacuole/lysosome to release the inner single membrane
vesicle containing the internal vesicles for degradation and
recycling. Membrane tethering complexes, RAS-related GTP-
binding protein (RAB) GTPases and soluble-N-
ethylmaleimide-sensitive factor attachment protein receptors
(SNARE) proteins have been linked to this process (Yim and
Mizushima, 2020). These systems transport the autophagosome
to the perinuclear region where they fuse with lysosomes and
endosomes. Inside the autophagolysosome, lysosome-derived
hydrolase such as cathepsin L and proteinase A and B degrade
the cellular proteins and organelle into simple molecules such as
amino acids that are then released back into the cytoplasm as
substrates for biosynthesis (Hurley and Young, 2017). A
summary of this processes can be seen in Figure 1.

3.1 Autophagy in Cardiac Ageing
Autophagy is critical in the maintenance of cardiac function;
however, its activity decreases during cardiac ageing. Genetic
modification of autophagy has unmasked its involvement in
aging. For example, cardiac-specific deletion of ATG5 in mice
caused no alternation in the survival rate, cardiac function and
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structure at 10-weeks old, however mice died at 24-weeks old and
presented with a significant increase in age associated
cardiomyopathy (Taneike et al., 2010). In contrast, another
study showed overexpression of ATG5 in mice activated
autophagy, extending the lifespan of the mice (Pyo et al.,
2013). Similarly, cardiomyocyte-specific ATG7 knock-out mice
displayed a heart failure phenotype, demonstrated by myofibrillar
disarray, cardiac dysfunction and vacuolar cardiomyocytes (Li
et al., 2016). Moreover, a recent study generated a mice model
with Phe121Ala mutation of the Beclin 1, in which the interaction
between Beclin 1 and its negative regulator BCL2 was impaired.
This mice model showed elevated basal autophagic flux, reduced
age-associated cardiac hypertrophy and fibrosis, as well as
decreased cardiomyocyte apoptosis and delayed cardiac ageing
(Fernández et al., 2018).

3.2 Molecular Pathways Underlying
Reduced Autophagy in Cardiac Ageing
3.2.1 Mammalian Target of Rapamycin
Mammalian target of rapamycin (mTOR) is a prominent nutrient
and redox sensor in the body whose function is mainly embodied
by mTORC1, which consists of mTOR, regulatory-associated
protein of mTOR (Raptor), mammalian lethal with SEC13
protein 8 (MLST8), proline-rich Akt substrate of 40 kDa
(PRAS40) and DEPTOR (Kim et al., 2002). This serine-
threonine protein kinase participates in the regulation of
various cellular processes, including protein synthesis and
autophagy, primarily to maintain normal cardiac function.
Moreover, mTOR inhibition in different organisms, through
pharmacological interventions, exerts protection against a
plethora of age-associated pathologies, thereby promoting
longevity. The activity of mTOR is higher in both the aged

mice (Hua et al., 2011) and human heart (Passtoors et al.,
2013), leading to reduced autophagy activity, subsequently
accelerating cardiac aging.

Consistently, inhibition of mTOR in mice by rapamycin both
at early and the late stage is capable of extending lifespan
(Harrison et al., 2009; Miller et al., 2011). In fact, reduced
mTOR activity through rapamycin supplementation alleviated
age-dependent cardiac hypertrophy and diastolic dysfunction in
mice as well as reduced dysregulated mitochondria and ROS
generation (Dai et al., 2014). The association between increased
autophagy and reduced mTOR activity hints that the beneficial
effect of rapamycin treatment could partially be explained by
enhanced autophagic removal of damaged proteins and
mitochondria. However, this requires further experimental
verification since mTOR is involved in various cellular
processes. The inhibition of the mTOR pathway through
rapamycin is still a well-recognized modulation to protect
against cardiac aging, in spite of possible side effects or
controversial promotion of longevity.

3.2.2 Insulin-Like Growth Factor 1/Akt Pathway
The activation of protein kinase B (PKB), also known as Akt, by
growth factors including insulin-like growth factor 1 (IGF-1),
promotes cell migration and proliferation. The IGF-1 associated
pathway is initiated from the secretion of the growth hormone
(GH) from the anterior pituitary gland, followed by that of IGF-1
from the liver. Various model organisms have shown the
involvement of the GH/IGF-1 pathway in ageing and how the
inhibition of this pathway promotes lifespan (Kenyon, 2011;
Milman et al., 2016). The IGF-1 pathway is a critical regulator
of longevity in mice and attenuated plasma IGF-1 levels
correlated with extended lifespan in mice (Yuan et al., 2009).
Meanwhile, another study carried on nonagenarians confirmed

FIGURE 1 | Mechanism of autophagy. Autophagy initiates with the formation of an isolated membrane/phagophore. Coordinated action of core autophagy
machinery proteins results in the expansion of though phagophore into an autophagophore, which surrounds the cargo. Next, fusion with the lysosome result in the
formation of the autophagolyososme. Lastly sequestered material is broken down inside the autophagolyosome and recycled.
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this correlation that the low IGF-1 level is a compelling predictor
of life expectancy (Milman et al., 2014). Akt is a primary
autophagy upstream inhibitor, and its activity increased with
age. Many findings have built on the link between the Akt
pathway in the heart and autophagy activity (Shiojima and
Walsh, 2006; Miyamoto et al., 2008). Deletion of the IGF-1
receptor led to reduced Akt phosphorylation. Furthermore,
mice presented with a reduced aging-induced hypertrophic
response, decreased fibrosis and proinflammatory cytokines
and increased autophagy, thus delaying the cardiac aging (Ock
et al., 2016).

3.2.3 AMPK-Activated Protein Kinase
The AMP-activated protein kinase (AMPK) is a master sensor of
cellular energy supplements, that is, the ratio of AMP and ATP.
Through the activation of a signalling pathway cascade, increased
adenosine triphosphate (ATP) is produced and utilised more
efficiently (Hardie and Carling, 1997). AMPK inhibits mTORC1
through the phosphorylation of tuberous sclerosis 1/2 (TSC1/2)
and Raptor, resulting in increased autophagy activity (Gwinn
et al., 2008). Moreover, AMPK directly induces autophagy
through the phosphorylation of both ULK1 and Beclin-1 (Kim
et al., 2011). During ageing there is a decline in AMPK activity in
the heart (Slámová et al., 2016). In AMPK deficiency mice,
disruption of mitochondrial ultrastructure and increased ROS
production was observed. Meanwhile, treatment with an AMPK
activator, Metformin, alleviated aging-associated cardiomyocyte
contractile dysfunction (Turdi et al., 2010). However, the
mechanisms by which metformin activates AMPK are still
unclear and debatable. The treatment of metformin has been
shown to extend health-span and lifespan through the activation
of AMPK in mice with increased autophagy and attenuated
aging-associated cardiac fibrosis, oxidative stress, inflammation
and cardiac contractile dysfunction (Turdi et al., 2010; Martin-
Montalvo et al., 2013).

3.2.4 Sirtuins
Nicotinamide adenine dinucleotide dependent deacetylases
(Sirtuins) family (comprising SIRT1-SIRT7) are another group
of energy sensors conserved from bacteria to mammals, and their
role in metabolism and ageing has been broadly studied. Sirtuins
are localized in the nucleus, cytoplasm, and mitochondria and are
extensively involved in the regulation of cellular metabolism
(Houtkooper et al., 2012). SIRT1 has been reported to be
involved in the regulation of autophagy and longevity in the
heart. However, only low to moderate doses (up to 7.5-fold) of
SIRT1 exerted beneficial effects seen as resistance to oxidative
stress and apoptosis, while a high dose increased oxidative stress
and age-associated cardiomyopathy (Alcendor et al., 2007). There
are still many debates surrounding Sirtuins and their roles in
cardiac aging. Irrespectively, the beneficial effects of Sirtuins in
the promotion of longevity are widely admitted. In vivo,
SIRT1interacted with essential components of the autophagy
machinery, and thus increased the level of deacetylation for
various Atg-related proteins like ATG5, ATG7 and ATG8 (Lee
et al., 2008). Moreover, SIRT1 also negatively regulated the
mTOR activity in a TSC2 dependent manner (Ghosh et al.,

2010). Apart from SIRT1, some other members of the Sirtuins
family have been studied in cardiac aging. As discussed above,
IGF-1/Akt pathway is abnormally activated with age, and the
sirtuin 6 (SIRT6), attenuated IGF-Akt activation through direct
suppression of the promoter of IGF signalling-related genes
(Sundaresan et al., 2012). SIRT3 has been reported to preserve
mitochondrial function during ageing through the deacetylation
of cyclophilin D (CypD) on lysine 166, and SIRT3-deficient mice
showed accelerated signs of cardiac ageing such as cardiac
hypertrophy and fibrosis at a young age and hypersensitivity
to heart stress (Hafner et al., 2010).

3.3 Autophagy Targeting Drugs
The innate scavenger, namely autophagy declines during ageing
while the pharmacological interventions that restore the
autophagy activity in autophagy-deficient mice increase the
longevity (Taneike et al., 2010). Hence, the importance of
autophagy in cardiac ageing needs to be emphasised as well as
its promising therapeutic role in clinical treatment. The induction
of autophagy has shown beneficial effects in various diseases such
as infection, autoimmune disease and cancer. Similarly, several
autophagy inducers have shown cardioprotective effects in the
heart (Galluzzi et al., 2017). A summary of the autophagy
activators and their limitations can be seen in Table 1.

3.3.1 Metformin
Metformin is a first-line drug prescribed to treat type II diabetes
as it increases insulin sensitivity and decreases glucose output.
However, recent studies have shown that Metformin also confers
cardioprotective effects (Han et al., 2019). Metformin was found
to significantly reduce morbidity in patients suffering from heart
failure with preserved ejection fraction (Halabi et al., 2020).
Furthermore, Metformin can improve the cardiovascular risk
profile of patients suffering from ST-segment elevation
myocardial infarction (Lexis et al., 2015). Recently, a number
of studies have aimed to decipher the underlying signalling
mechanisms by which Metformin confers cardioprotection and
induces autophagy. Kanamori et al., 2019 used a model of δ-
Sarcoglycan deficiency-induced dilated cardiomyopathy and
treated the mice with Metformin for 4 weeks. Compared to
saline treated mice, the authors found that Metformin reduced
the extent of cardiomyocytes hypertrophy, interstitial fibrosis and
cardiac dysfunction. Mechanistically, the Metformin-treated
hearts displayed increased autophagy evident by increased
autophagy flux and AMPK activation. Electron microscopy
further validated these findings by revealing an increased
number of autophagic vacuoles and lysosomes within the
Metformin treated mice myocardium (Kanamori et al., 2019).
Similarly, Metformin enhanced cardiac regeneration by
increasing autophagy in cryoinjured zebrafish. Metformin
increased cardiomyocyte proliferation and the vascular and
endocardium endothelium (Xie et al., 2021a). Together these
results suggest Metformin has clinical potential to enhance
autophagy in the myocardium thereby preventing and
attenuating cardiac stress. The cardioprotective effect of
Metformin has not only been attributed to increased
autophagy but various in vivo and in vitro studies have shown
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that its benefits correlated with reduced ER stress (Chen et al.,
2019). Metformin treatment following Thapsigargin-induced ER
stress markedly reduced the number of apoptotic cells in the
mouse heart (Chen et al., 2017). A further study attributed the
increased cell survival to the ability of Metformin to activate the
PERK-ATF4 pathway to prevent cardiomyocyte death (Quentin
et al., 2012). Furthermore, Cheang et al., revealed that Metformin
improved endothelial function by increasing AMPK/PPAR
signalling and reducing the ER stress response (Cheang et al.,
2014).

3.3.2 Rapamycin
Rapamycin is an FDA-approved immunosuppressant drug that
inhibits the activity of mTOR—a key autophagy inhibitor.
Various studies have shown that treatment with Rapamycin
can extend lifespan by increasing autophagy (Abdellatif et al.,
2018). To further investigate the role of Rapamycin in autophagy,
Goa et al., generated a myocardial infarction-induced model of
chronic heart failure. The rats were then either treated with
Rapamycin or vehicle control. It was found that Rapamycin
treatment reduced the extent of cardiac dysfunction and
hypertrophy. Rapamycin also reduced the number of apoptotic
cells both in vivo and in vitro via inhibition of mTOR resulting in
increased autophagy (Gao et al., 2020). In another study of
pressure-overload stress induced cardiac hypertrophy, it was
demonstrated that Rapamycin decreased the expression of the
Akt/mTOR/P70S6K1 pathway in a MEK/ERK/Beclin-1

signalling dependent manner (Gu et al., 2016). One of the
major limitations of Rapamycin is that it is clinically used as
an immunosuppressant, primarily to prevent organ rejection
following transplantation. Nevertheless, it may be a valuable
therapeutic tool in the prevention and treatment of CVD, but
to validate this further research is required (Alnsasra et al., 2021).

3.3.3 Spermidine
Spermidine is a naturally occurring activator of autophagy. It is a
type of polyamine abundantly found in various foods such as
soybeans, mushrooms, broccoli and rice bran (Tong and Hill,
2017). Previous studies have demonstrated that Spermidine is
involved in cellular homeostasis and the stress response by
regulating cellular growth, DNA stability, promoting protein
deacetylation and cell survival. It has been shown to be a
powerful activator of autophagy and it exhibits protective
effects against the development of age-related diseases. It
mainly exerts its action through inhibition of the
transcriptional co-activator p300 which is a histone
acetyltransferase. It is also capable of activating AMPK and
inhibiting mTORC1 but to a much lesser extent (Frati et al.,
2018). Recent studies have shown the cardioprotective role of
Spermidine during CVDs. In a hypertrophic mouse model,
spermidine decreased systemic blood pressure and the extent
of cardiac dysfunction. It also prevented excessive hypertension-
induced cardiac hypertrophy, ultimately delaying the progression
of heart failure. Using cardiomyocyte-specific Atg5 knockout

TABLE 1 |Main activators of autophagy available to date and their limitations. AMPK, AMP-activated protein kinase, mTORC1, mechanistic target of rapamycin complex 1.

Drug name Mode of action Research progression Major limitations References

A-769662 AMPK activator In preclinical development indirect and nonselective Cool et al. (2006)
BRD5631 Unknown Unknown Unknown mechanism Kim et al. (2012)
Carbamazepine Reduction in Ins (1,4,5)

P3 and inositol levels
Approved for treatment of seizures and
bipolar disorders

Inhibition in various neuronal functions Lin et al. (2013)

Chloramphenicol Unknown Approved for second-line treatment of
bacterial infections

Potentially mitochondriotoxic Sala-Mercado et al.
(2010)Unknown mechanism

Everolimus mTORC1 inhibitior Approved for cancer therapy Robust immunosuppressive effects Dumortier et al. (2008)
Inhibits many other autophagy independent
mTORC1-dependent pathway

Hydrogen sulfide AMPK activator Only allowed be used in experiments Potentially toxic for the respiratory trait Unknown
mechanism

Sun et al. (2015)

Lithium Reduction in Ins (1,4,5)
P3 and inositol levels

Approved for treatment of bipolar
disorders

Inhibitions in multiple neuronal functions Sarkar et al. (2008)

Metformin AMPK activator Approved for treatment of type II diabetes
mellitus

Non-selective AMPK activator with various Song et al. (2015)
AMPK-unrelated effects

Rapamycin mTORC1 inhibitor Approved for use in coronary stents and to
treat a rare pulmonary disease

Has robust immunosuppressive effects and may
cause mTORC2 inhibition when chronic
administrated

Spilman et al. (2010)

Resveratrol Caloric restriction
mimetic

In clinical trials for treatment of several
disorders

Potentially causes nephrotoxicity at high
concentrations

Leontieva et al. (2013)

Spermidine Caloric restriction
mimetic

Nutritional supplement that is available
over the counter

Producing ROS after degradation and potentially
cytotoxic aldehydes

Eisenberg et al. (2009)

Trehalose Unknown In clinical trials for treatment of bipolar
disorders, dry eye syndrome and vascular
ageing

Unknown mechanism Rodríguez-Navarro et al.
(2010)

Trichostatin A Unknown Discontinued from clinical tests Unclear mechanism, potentially linked to
transcriptional effects

Shao et al. (2016)

Vorinostat Unknown Approved for cancer therapy Unclear mechanism, potentially linked to
transcriptional effects

Xie et al. (2014)
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mice, it was shown that the advantageous effects of Spermidine on
increasing cardiomyocyte mitophagy and autophagy were
repressed (Eisenberg et al., 2016). Spermidine also induces
increased autophagic flux through the AMPK/mTORC1
pathway to exert beneficial effects following myocardial
infarction (Yan et al., 2019).

3.3.4 Trehalose
Trehalose is a natural non-reducing sugar, consisting of two α-
linked glucose molecules. It is primarily synthesised by a number
of organisms such as bacteria, yeast, insects and plants. Due to the
lack of biosynthesis genes, mammals cannot synthesise Trehalose
(Frati et al., 2018). Accumulating evidence, particularly over
recent years indicates that Trehalose protects these organisms
from a range of pathological stress, including oxidative stress,
thermal stress and misfolded protein aggregation (Hosseinpour-
Moghaddam et al., 2018). Following myocardial infarction,
Trehalose induced autophagic flux, demonstrated by increased
LC3-II, leading to improved cardiac function, and reduced
cardiac remodelling, fibrosis, and apoptosis. These beneficial
effects were significantly blunted in Beclin-1 heterozygous
knock-out mice, which are unresponsive to autophagy
inducers. Thus confirming that Trehalose plays a
cardioprotective role by activating autophagy during an
ischaemic insult (Sciarretta et al., 2018).

3.3.5 Nobiletin
Nobiletin is a flavonoid that has gained scientific attention in the
past few years. In streptozotocin (STZ)-induced diabetic
cardiomyopathy in mice, Nobiletin blunted oxidative stress
preserves cardiac function reflected by echocardiographic and
haemodynamic measurements (Zhang et al., 2016). Furthermore,
Nobiletin attenuates cardiac function and improves the survival
rate following acute myocardial infarction in rats. This was
parallel with alleviation in cardiac fibrosis, myocardial
remodelling and cardiomyocyte apoptosis (Liu et al., 2021).
Mechanistically, Nobiletin cardioprotective ability is via
restoration of the autophagic flux by enhancing
autophagosome conversion to autophagolysosome. However, it
is suggested that the classical autophagy pathway may not be
activated by Nobiletin as AKT, AMPK, Beclin-1 or mTOR
expression was unchanged (Wu et al., 2017). Further research
is required to decipher the mechanism by which the Nobiletin-
mediated increase in autophagy is achieved. Nobiletin has also
been linked to reduced oxidative stress demonstrated by
increased cardiac SOD1 expression decreased NOX2 and
NOX4 levels following pressure-overload stress (Zhang et al.,
2017). The cardioprotective ability of Nobiletin has also been
linked to reduced ER stress. Pressure-overload stress in the heart
resulted in increased CHOP, cleaved/total caspase-12 and GRP78
in cardiac tissue. Nobiletin reversed these changes resulting in
decreased cardiomyocyte cell death as evident by a reduction in
the number of TUNEL-positive cells (Zhang et al., 2019).
Together these studies suggest that Nobiletin can maintain
cellular homeostasis by increasing signalling involved in
autophagy, ER stress and oxidative stress.

3.3.6 Sodium-Glucose Co-Transporters-2 Inhibitors
Sodium-glucose co-transporters-2 (SGLT-2) inhibitors are a
group of drugs that were originally intended to treat diabetes
mellitus (Zinman et al., 2015). However, SGLT-2 has recently
become the topic of interest due to the benefits seen in heart
failure patients. There have been five key trials investigating
SGLT-2 inhibitors in diabetic patients. In the EMPA-REG
(Empagliflozin Cardiovascular Outcome Event Trial in Type II
Diabetes Mellitus Patients) Empagliflozin which was approved by
the FDA in 2014 for the treatment of diabetes mellitus, showed
that diabetic patients treated with Empagliflozin had significantly
reduced cardiovascular-related mortality, reduced rate of heart
failure related hospitalisation and reduced cardiovascular adverse
effects (Zinman et al., 2015). Since this trial, a number of other
SGLT-2 inhibitors have been shown to have cardioprotective
properties, including, and Canagliflozin (Neal et al., 2017) and
Dapagliflozin (McMurray et al., 2019). Originally, the studies
were designed to assess the cardiovascular safety of the drugs,
however, researchers discovered the unexpected benefit with
respect to heart failure. Several studies employing mouse
models have demonstrated the cardioprotective effects of
SGLT-2 treatment. It can significantly improve cardiac
function by reducing insulin resistance leading to improved
sensitivity and increased glucose uptake, reduced systolic blood
pressure without the presence of tachycardia, aiding in lipid
ulitisation (Zhou et al., 2018) and attenuating cardiac cytokine
expression (Trang et al., 2021). Scientists are now turning their
attention to the underlying mechanisms by which SGLT-2
inhibitors are cardioprotective as they are yet to be completely
established.

Numerous studies have linked SGLT-2 inhibitors with
autophagy. SGLT-2 inhibitors are known to induce a state of
starvation due to oxygen and nutrient deprivation in the body,
triggering autophagy in various tissues including cardiomyocytes.
However, the pathways by which SGLT-2 inhibitors stimulate
autophagy are still unclear (Packer, 2020). Using a pressure-
overload HF mouse model, Li et al., 2021 demonstrated that
Empagliflozin treatment enhanced AMPK phosphorylation and
subsequent activation and reduced mTORC1 expression.
Together, this attenuated cardiac hypertrophy subsequent
progression to heart failure (Li, 2021). Sayour et al.,
characterised the effect of canagliflozin in ischaemia-
reperfusion injury. Non-diabetic rats were subjected to 30 min
of left anterior descending artery (LAD) occlusion followed by
120 min reperfusion, before being injected with Canagliflozin.
The study found that Canagliflozin treatment significantly
decreased the level of serum troponin-T levels in the rats as
well as reduced the myocardial infarct size. Cardiac function
assessment revealed alleviated left ventricular diastolic and
systolic dysfunction following myocardial ischaemia-
reperfusion injury with Canagliflozin treatment compared to
the vehicle control. This study also observed increased Akt
and AMPK phosphorylation following treatment with
Canagliflozin. NO production was also maintained due to the
ability of Canagliflozin to enhance eNOS phosphorylation. The
expression of numerous apoptotic markers was also reduced. In
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vitro experiments revealed increased endothelium-dependent
vasodilation (Sayour et al., 2019). Together these studies
suggest a link between SGLT-2 inhibitors and autophagy,
however, more research regarding the mechanisms of
autophagy induction is required.

3.3.7 Irisin
Irisin is a novel proliferator-activated receptor-γ coactivator 1α-
dependent myokine that originally was just considered an
exercise-induced peptide that is released from skeletal muscle
and the myocardium as a cleaved product of the type I membrane
protein fibronectin type III domain containing 5 (FNDC5).
Several recent studies have identified a therapeutic potential
for Irisin in CVDs.

Irisin can alleviate pressure-overload induced cardiac
hypertrophy by regulating autophagy. Following four-weeks of
transverse aortic constriction (TAC), there was impaired
autophagic flux and an accumulation of autophagosomes. This
was reversed by Irisin supplementation which activated AMPK
and ULK1 Ser555 (Li et al., 2018). Similarly, in a model of
angiotensin II-induced cardiac hypertrophy, Irisin
supplementation increased LC3II expression while P62
expression decreased. Mice also displayed alleviated
myocardial hypertrophy and reduce cardiomyocyte cell death
following pressure-overload induced stress (Li et al., 2019a). In
addition, Lu et al., found that Irisin improved cardiac function
following ischaemia/reperfusion injury, demonstrated by reduced
cardiomyocyte apoptosis, infarct size and reactive oxygen species
production. Ischaemia/reperfusion injury caused an upregulation
in the expression of XBP1, GRP78 and CHOP, however this was
reversed by Irisin treatment (Lu et al., 2020). This indicates that
Irisin can regulate various signalling processes to maintain
cellular homeostasis.

3.3.8 Ivabradine
Ivabradine is the only approved hyperpolarisation-activated
cyclic nucleotide-gated channel 4 (HCN4) inhibitor that is
used clinically to treat chronic heart failure and stable angina.
This drug specifically and selectively disrupts the cardiac
pacemaker ion current flow, thus prolonging diastolic
depolarisation and reducing the heart rate. This results in
decreased myocardial oxygen demand thereby increasing
coronary artery perfusion without hindering the cardiac
muscle contraction force (Maagaard et al., 2019). Ivabradine
specifically targets a sodium-potassium inward current channel
in the sinoatrial node known as the HCN4 channel. Although it
was approved in 2015, scientists are now uncovering other
therapeutic benefits of this drug (Tse and Mazzola, 2015).

A number of studies have demonstrated that Ivabradine exerts
a cardioprotective effect during myocardial infarction and cardiac
hypertrophy. Short-term Ivabradine treatment increased exercise
capacity and improved the left ventricular filling pressure
following exercise in heart failure with preserve ejection
fraction patients (Kosmala et al., 2013). Dia et al., subjected
rats to LAD ligation followed by Ivabradine injection.
Myocardial infarction led to a significant reduction in cardiac
function indicated by an elevation in left ventricular end diastolic

pressure, decreased left ventricular systolic pressure (LVSP) and
reduced ascending/descending rate of left ventricular pressure
(±dp/dtmax) compared to sham rats. Cardiac dysfunction was
prevented via Ivabradine treatment as rats demonstrated
increased LVSP and ±dp/dtmax as well as decreased LVEFP
levels. Ivabradine treatment significantly reduced the infarct
size and cardiomyocyte apoptosis. Further analysis revealed
that myocardial infarction-subject rats had significantly
reduced expression of Beclin-1, LC3, ATG5 and ATG7,
whereas p62 expression was upregulated. On the contrary,
Ivabradine treatment reversed these changes. Consistently, the
activated levels of PI3K, AKT, mTOR and p70S6K were increased
in the myocardial infarction -subjected rat heart tissue but
Ivabradine treatment inhibited these changes, thus enhancing
autophagy (Dai et al., 2021). A similar effect was seen in a study
by Yu et al., who investigated Ivabradine in the cardiac model of
TAC. They found that Ivabradine alleviated left ventricular
dysfunction, cardiac hypertrophy, fibrosis, and cardiomyocyte
apoptosis. in a dose-dependent manner. Molecular analysis
showed that Ivabradine modulated the PI3K/Akt/mTOR/
p70S6K pathway (Yu et al., 2019).

3.3.9 Tat-Beclin 1
Tat-Beclin 1 is a cell permeable peptide, derived from a region
within the autophagic protein Beclin-1 and linked to the HIV-1
Tat protein to aid cell permeability. It is a portal inducer of
autophagy that causes the release of endogenous Beclin-1 from
negative autophagic regulatory proteins such as Golgi-associated
retrograde protein 1 (GARP-1) (Shoji-Kawata et al., 2013).
Various in vivo and in vitro studies have demonstrated that
Tat-Beclin-1 can be used pharmacologically to promote
autophagy. Xie et al., demonstrated that Tat-Beclin-1
administration in mice subjected to ischaemia/reperfusion
injury resulted in improved cardiac function, reduced infarct
size and decreased oxidative stress (Xie et al., 2021b). Similarly,
Shirakabe et al., found that Tat-Beclin-1 treatment protected
against pressure-overload stress-induced cardiac and
mitochondrial dysfunction by increasing autophagic flux in the
mouse heart (Shirakabe et al., 2016a). Daily Tat-Beclin 1
Treatment in neonatal and adult mice has been shown to be
well tolerated. Clinical parameters including renal, hepatic and
haematological function were normal in Tat-Beclin-1 treated
3 month-old mice (Shoji-Kawata et al., 2013).

3.3.10 Fasting
Apart from the drug-induced autophagy, various other strategies
have been proposed to induce beneficial autophagic processes for
the prevention and treatment of age-associated cardiovascular
diseases. One alternative method is a fasting-mimicking diet
(FMD), which is composed of low calories, sugars, and protein
while high in unsaturated fats. One study of 100 generally healthy
participants discovered that 5-day FMD per months can safely
and effectively reduce age-associated markers/factors, thus
preventing diseases (Wei et al., 2017). Similarly, short-term
fasting (3-day) has been proved to exert beneficial effects
during cardiac ischemic/reperfusion injury in rats, as it is
shown to reduce the infarct size, total number of premature
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ventricular complexes, the duration of ventricular tachycardia as
well as improving mitochondrial redox state. These
improvements may be partially due to fasting-induced
mitophagy (Šnorek, 2012). Not only in the heart, mitophagy
plays beneficial role in the skeletal muscle. During acute exercise,
high energy demands induce proliferator-activated receptor-γ
coactivator-1α (PGC-1α) to initiate mitophagy, which in essential
for the mitochondrial biogenesis. The deletion of PGC-1α caused
decrease in nearly half of the mitochondrial content and
autophagy-related genes, thus reducing the mitochondrial
performance (Vainshtein et al., 2015).

Changes in nutrients has been linked to a process known as
O-GlcNAcylation (Sugahara et al., 2019). The addition of
O-linked β-N-acetylglucosamine (O-GlcNAc) to serine/
threonine residues of proteins, is a dynamic, reversible and
nutrient-sensing post-translational modification (Fülöp et al.,
2007). O-GlcNAcylation is catalysed and removed by
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA),
respectively (Rahman et al., 2020). This process regulates a
plethora of cellular processes including, protein stability,
protein-protein interaction, proteostasis and autophagy
(Chatham et al., 2021). It is increasingly recognised that
alterations in protein O-GlcNAcylation contributes to the
development and progression of age-related diseases (Banerjee
et al., 2016). Sustained O-GlcNAcylation was observed in diabetic
and hypertrophic hearts, which was linked to cardiac dysfunction
(Chatham et al., 2021). Furthermore, animal models and human
patients with hypertrophic or failing hearts have also reported to
have increased protein O-GlcNAcylation (Mailleux et al., 2016).
In contrast, acute O-GlcNAcylation is suggested to be
cardioprotective, with loss of O-GlcNAcylation increasing
susceptibility to oxidative stress (Wright et al., 2017). Recently,
increasing focus is on studying the relationship between
O-GlcNAcylation and autophagy (Yu et al., 2020). Gelinas
et al., demonstrated that the use of A769662 to activate
AMPK led to decreased pathological cardiac hypertrophy in
both in vitro and in vivo models by decreased protein
O-GlcNAcylation (Gélinas et al., 2018). However, further
research involving age-related cardiac diseases and
O-GlcNAcylation is required to delineate potential therapeutic
mechanisms.

4 MITOPHAGY

Mitophagy, also referred to as mitochondria autophagy, regulates
the removal of unwanted and damaged mitochondria.
Mitochondria are the main organelles responsible for the
production of approximately 90% of all ATP in organisms
therefore, serving as cellular powerhouses. They are highly
abundant in the heart which is essential in providing enough
energy to meet the demands of cardiac contraction and
relaxation, especially during physical activity (Brown et al.,
2017). Abnormal mitochondrial function has been associated
with decreased exercise tolerance in heart failure patients, which
not only occurs due to the reduced ability to produce ATP but
also as a result of damage and death of cardiomyocytes. Under

normal conditions, ROS produced in the mitochondria, as
byproducts are rapidly neutralised by cellular antioxidant
systems (Zorov et al., 2014). Impaired mitochondrial function
not only compromises cellular respiration and ATP production
but also impairs ROS production thereby increasing oxidative
stress that can induce cellular damage. To remove the damaged
mitochondria, a form of autophagy known as mitophagy is
activated. Notably, mitophagy is particularly important for
cellular homeostasis owing to the essential role played by
mitochondria in the bioenergetics of the cardiovascular
system. Currently, the main mitophagy pathway studied is
PINK1 (PTEN-inducible kinase 1) and Parkin. Other
mitophagy inducer pathways that have been documented
include NIX1 (NIP3-like protein X), BNIP3 (BCL2/adenovirus
E1B 19-kDa-interacting protein 3) and FUNDC1 (FUN14
Domain Containing 1) (Liu et al., 2014).

4.1 PINK1/Parkin Pathways
The 64-kDA protein, PINK1 has been shown to detect changes in
mitochondria quality. It contains a mitochondrial targeting
sequence (MTS) and under normal mitochondrial function, is
transported to the inner mitochondrial matrix where it is cleaved
and degraded by proteases within the mitochondria. During
cardiac stress or ageing, the old and damaged mitochondria
lose their membrane potential becoming more depolarised. In
response, PINK1 is no longer imported to the inner membrane
and instead concentrates on the outer membrane. Subsequently,
it activates and recruits the cytosolic E3 ubiquitin ligase, Parkin,
to the mitochondria. This is achieved via two mechanisms. First,
PINK1 directly phosphorylates Parkin at Ser65 resulting in a
conformational change and Parkin activation. Second, the Ser65
site on Parkin is homologous to the phosphorylation site on
ubiquitin, therefore PINK1 phosphorylates ubiquitin which
subsequently competes with the autoinhibitory domain within
Parkin to stabilize and activate it (Ge et al., 2020). Notably,
Parkin-mediated ubiquitination generates two main effects.
Firstly, it helps p62 to link ubiquitinated proteins to LC3 on
the mitochondria, which are subsequently degraded by
lysosomes. Second, several proteins located on the
mitochondria surface undergo Parkin-mediated ubiquitination.
These include mitofusin 1 and mitofusin 2, both of which
modulate mitochondrial fusion. This proteasome-mediated
breakdown of ubiquitinated mitofusins further promotes
mitochondrial fragmentation and mitophagy (Kazlauskaite
et al., 2014). A summary of this processes can be seen in Figure 2.

4.2 The BNIP3/NIX Pathways
BNIP3 and NIX are apoptotic proteins that promote the opening
of mitochondrial permeability transition pore (mPTP), and
activation of Bax/Bak to enhance mitochondrial membrane
permeability and induce apoptosis. Structurally, BNIP3/NIX
has an LC3-interacting region (LIR) motif that directly
interacts with LC3 on autophagosomes, thereby defining NIX/
BNIP3L as a mitophagy receptor. The interaction between BNIP3
and LC3 requires their homodimerization. Notably, NIX,
together with some core Atg proteins (Nishida et al., 2009;
Novak et al., 2010) mediates mitophagy that occurs during
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differentiation of mammalian red blood cells or reticulocytes,
while BNIP3modulate the removal of endoplasmic reticulum and
mitochondria under hypoxic conditions (Hanna et al., 2012). It
can be speculated that hypoxia activates these mitophagy
receptors. An important mechanism is that HIF or FOXO3
regulate the transcription of BNIP3/NIX (Cao et al., 2013).
Previous studies have also demonstrated that phosphorylated
BNIP3, at Ser17 and Ser24, triggers its interaction with GATE-16
and LC3-B, thereby promoting the occurrence of mitophagy (Zhu
et al., 2013). Additional evidence has demonstrated that NIX/
BNIP3L interacts with Rheb thereby stimulating mitophagy in
cells with a high level of oxidative phosphorylation (Melser et al.,
2013).

4.3 FUNDC1 Pathways
FUNDC1 is a protein found in the outer mitochondrial
membrane that possesses an LIR region allowing LC3
interaction. Under basal conditions, the LIR motif is
inhibited via phosphorylation of Tyr18 and Ser13 by Src
kinase and CK2, respectively. These two constitutively active
kinases are highly abundant, a phenomenon that ensures
inhibition of mitophagy. However, under acute pathological
conditions, the LIR region is dephosphorylated allowing,
FUNDC1 to bind to LC3 II to mediate mitochondrial
autophagy. Previous studies have shown that FUNDC1 Ser17
is phosphorylated by ULK1 to enhance mitophagy. In addition,
FUNDC1 binds with optic atrophy-1 (OPA1) or dynamic
related protein-1 (Drp1) to regulate mitochondrial fusion or
fission. Under normal circumstances, FUNDC1 interacts with
OPA1 to promote mitochondrial fusion, while under
mitochondrial stress, they dissociate. At the same time, they
recruit DRP1 in the cytoplasm to mitochondria, thereby
promoting mitochondrial fission and mitophagy (Wu et al.,
2014).

4.4 Role of Mitophagy in Ageing
Mitophagy employs three signalling pathways under different
physiological and pathophysiological conditions, which interact
with each other. To date, however, the specific relationship

among the three pathways remains unclear, necessitating
further explorations. Results from a previous study showed
that NIX overexpression promotes Parkin translocation to
mitochondria, while NIX-mediated mitophagy is reduced in
Parkin gene knockout mice (Lee et al., 2011).

Mitophagy regulates both mitochondrial quantity and quality.
Notably, ageing hearts generally exhibit low mitophagy levels,
which can lead to dysfunctional mitochondrial accumulation,
further increasing ROS generation and exacerbating
cardiomyocyte injury and dysfunction (Shirakabe et al.,
2016b). It has been reported that AMPK and Akt deficiency
predisposes mice to cardiac ageing most likely due to comprised
mitophagy. The study also unmasked the age-related decline in
mitophagy components including, FUNDC1, BNIP3, PINK1,
Parkin and lysosome biogenesis factor TFEB (Transcription
Factor EB) (Wang et al., 2019b).

Additional evidence showed that ageing caused cardiac
dysfunction in mice, that was associated with decreased levels
of mitophagy. Parkin overexpression were found to ameliorate
heart failure symptoms (Hoshino et al., 2013). Previous studies
have shown that silencing of the PINK1 gene impairs
mitochondrial function in cardiomyocytes, and subsequently
elevates levels of oxidative stress, thereby causing heart failure.
Parkin is dispensable under normal conditions, however,
following stress, Parkin deficiency leads to the accumulation of
dysregulated mitochondria in cardiomyocytes (Kubli et al., 2013).
In addition, PINK1-KO mice developed left ventricular
dysfunction and cardiac hypertrophy, during earlier stages of
life, while PINK1 expression was significantly downregulated in
the left ventricles of patients with end-stage heart failure (Billia
et al., 2011). Furthermore, Nix/BNip3 double cardiac knockout
mice rapidly developed heart failure, after TAC, while knocking
out NIX alone suppressed myocardial cell apoptosis and
improved myocardial contractility (Dorn, 2010). Interestingly,
cardiac-specific overexpression of NIX caused activation of
apoptosis in myocytes, and subsequent development of heart
failure (Yussman et al., 2002). Conversely, excessive mitophagy
can cause a massive mitochondria loss, consequently
compromising the energy supply of cardiomyocytes. Therefore,

FIGURE 2 | Overview of mitophagy pathway: Mitophagy is driven by either Parkin-dependent or independent pathways. Under stress, PINK1 accumulates in the
outer mitochondrial membrane (OMM) and promotes Parkin recruitment. Activated Parkin, in turn, promotes ubiquitination of the outer membrane proteins. p62
recognizes phosphorylated poly-Ub chains on mitochondrial proteins and binds to LC3 to initiate the formation of autophagosome. On the other hand, the mitophagy
receptors, BNIP3, NIX, and FUNDC1 localize to the OMM, and interact directly with LC3 to mediate mitochondrial degradation.
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maintaining a mitophagy balance is imperative to healthy
cardiomyocyte function (Liang and Gustafsson, 2020).

4.5 Mitophagy Targeting Drugs
The involvement of dysregulated mitophagy in the development
of CVDs has been widely reported. Targeting mitophagy by
pharmacological manipulation to prevent or treat CVD may
be an effective strategy. Compared to autophagy, much less
comparable information is available in relation to specific
targeting of mitophagy as a therapeutic avenue in CVDs.

4.5.1 Simvastatin
Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors that limit cholesterol biosynthesis.
Although the role of statins in inducing autophagy in various
cell lines has been well documented, limited research has
investigated their role in the setting of cardiomyocytes, both in
vivo and in vitro. To address this, a recent study employed the
mouse model of ischaemia/reperfusion injury. It was
demonstrated that Simvastatin suppressed mTOR signalling
and activated Parkin-dependent mitophagy to confer
cardioprotection. Simvastatin increased Parkin and p62/
SQSTMI translation to increase mitophagy and migrated the
ischaemia/reperfusion injury induced damage to the cardiac
mitochondria. However, whether other statin drugs confer
cardioprotection by inducing mitophagy remain to be
investigated (Andres et al., 2014).

4.5.2 Natural Compounds
Plant-derived polyphenols have widely been shown to confer
numerous health benefits. Research is now discovering their role
in modulating mitophagy. Following ischaemia/reperfusion
injury, treatment with the polyphenolic antioxidant Resveratrol
was shown to upregulate SIRT1 which cooperates with SIRT3 to
elevate FOXO3 levels. This subsequently activated PINK1/Parkin
signalling resulting in mitophagy activation. Resveratrol can also
enhance mitochondrial elongation, modulate Drp1 expression
and increase LC3-II to degrade damaged and dysfunctional
mitochondria in aged cardiomycoytes (Das et al., 2014).

Quercetin is a flavonoid compound that possesses various
pharmacological effects including coronary artery dilation,
increased blood flow and capillary resistance. Both in vivo and
in vitro experiments have shown that following cardiac stress
such as ischaemia/reperfusion injury, Quercetin can significant
improve mitochondrial function and energy metabolism to limit
damage to the cardiac tissue (Wang et al., 2013). Similar to
Resveratrol, Quercetin administration leads to a FOXO3-
mediated increase in mitophagy, however, this is achieved via
an ERK2 and AMPK dependent pathway (Tan and Wong, 2017).

Dimeric xanthones, Gerontoxanthone I andMacluraxanthone
can increase the cellular accumulation of Parkin puncta and
promote mitophagy. In a prior study, the protective role of
Gerontoxanthone and Macluraxanthone against ischaemia/
reperfusion injury was demonstrated in H9C2 cell lines. The
authors found that both drugs stabilized PINK1 on the
mitochondrial outer membrane and increased the recruitment
of Parkin to the mitochondria. These effects were abolished in

Parkin knockdown cells indicating that Gerontoxanthone and
Macluraxanthone upregulate mitophagy via PINK1-Parkin
dependent manner. However, if this benefit can be replicated
in vivo require further investigation (Xiang et al., 2020).

Another promising mitophagy inducer is Urolithin A, a gut
microflora-derived metabolite. Urolithin A administration in a
mouse model of type II diabetes demonstrated its ability to induce
mitophagy in cardiac fibroblast to limit the extent of cardiac
dysfunction and fibrosis. This was achieved through increased
Drp1 expression whereas PINK1 and phosphorylated Parkin
remain unchanged indicating non-canonical mitophagy
regulation (Wu et al., 2019a). In vivo Urolithin A
supplementation also attenuated excessive inflammation in the
cardiac tissue following hyperglycaemia (Savi et al., 2017).
Furthermore, a phase 1 clinical trial has demonstrated the
safety of Urolithin A administration (Andreux et al., 2019).
Together, these studies suggest Urolithin A could induce
mitophagy to induce cardioprotection following stress.

4.5.3 Nicotinamide Adenine Dinucleotide
Nicotinamide adenine dinucleotide (NAD+) is a fundamental
molecule that is a mitophagy inducer. However, the level of
NAD+ expression decreases in an age-dependent manner and
also during cardiac disease, so targeting NAD+ restoration could
provide therapeutic benefits. Supplementation with NAD+

precursors upregulated the expression of SIRT1, thus
providing protection against aging (Verdin, 2015). Studies
have utilized Nicotinamide riboside to increase NAD+ levels
and have shown multiple cardiac protective benefits including
improved cardiac function in mice with TAC-induced dilated
cardiomyopathy (Diguet et al., 2018). Several human clinical
trials have demonstrated the bioavailability and safety of
Nicotinamide riboside (Mehmel et al., 2020). Other studies
have used Nicotinamide mononucleotide to increase NAD+

levels. In the heart, supplementation of nicotinamide
mononucleotide, a product of Nampt in the NAD+ salvage
pathway, protected hearts from ischaemia/reperfusion stress
through the activation of SIRT1 (Yamamoto et al., 2014).
Other studies have shown that Nicotinamide mononucleotide
supplementation can normalize NAD+ levels andmaintain SIRT3
activity, resulting in increased mitophagy and improved
mitochondrial function in heart failure mice (Karamanlidis
et al., 2013). NAD+ mediated sirtuin activation can also inhibit
mTOR to stimulate autophagy and increase mitophagy by
increasing the expression of Parkin, PINK1 and BNIP3 (Aman
et al., 2021). NAD+ supplementation has also been linked to
regulating O-GlcNAcylation. Recently, Zou et al., demonstrated
that NAD+ was capable of blocking glucose deprivation induced
increase in O-GlcNAcylation (Zou et al., 2015). However, the
exact signalling mechanism of NAD+ in other cardiac diseases
well as the safety of NAD+ supplement needs to be further
elucidated.

4.5.4 UMI-77
Surprisingly, a recent study found that UMI-77, a BH3-mimetic
for MCL-1 and can modulate mitophagy. MCL-1 is a mitophagy
receptor that can directly interact with LC3 to induce mitophagy.
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UMI-77 was able to enhance MCL-1 and LC3 interaction to
selectively degrade damaged mitochondria (Cen et al., 2020).
Although the study investigated the therapeutic significance of
UMI-77 in Alzheimer’s disease, it has important implications for
CVDmanagement. Studies have shown that deletion of MCL-1 in
adult cardiomyocytes leads to accumulation of dysfunctional
mitochondria due to defective PINK1/Parkin signalling (Cen
et al., 2021). Therefore, further research investigating MCL-1
and UMI-77 in cardiac models is warranted.

4.5.5 TEMPOL
TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) has
been shown to reduce ROS levels and counteract the age-
related decline in mitophagy (Morciano et al., 2020). It was
found that pretreatment with a TEMPOL, a potent

antioxidant, increased PINK1 expression and Parkin
accumulation in mitochondria, as well as elevating
mitochondrial ubiquitination following ischaemia reperfusion
injury and in aged cardiomyocytes (Ma et al., 2017).

5 ENDOPLASMIC RETICULUM STRESS
RESPONSE

The endoplasmic reticulum (ER) is a large specialised organelle
that coordinates the folding and translocation of secretory and
transmembrane proteins, biosynthesises lipids and sterols, and
the signalling, uptake, and storage of intracellular Ca2+. Under
basal conditions, ER homeostasis is maintained as the
equilibrium between protein load and folding capacity is

FIGURE 3 | Overview of unfolded protein response. Following endoplasmic reticulum (ER), misfolded/unfolded proteins bind and sequester GRP78 (Binding
immunoglobulin protein), thus activating the unfolded protein response (UPR). This results in activation of the three signalling cascades, IRE1 (inositol requiring enzyme 1),
PERK (protein kinase RNA-like ER kinase) and ATF6 (activating transcription factor-6). Following dissociation from GRP78, IRE1 undergoes homodimersation and
autophosphorylation. It can then induces XBP1 (x-box binding protein 1) splicing, activated RIDD (regulated IRE1-dependent decay) or recruits TRAF2 (TNF
receptor associated factor 2) resulting in ASK1 (apoptosis signal-regulating kinase 1) phosphorylation, which then phosphorylates the c-Jun N-terminal kinase (JNK).
Activation of the PERK pathway, results in eIF2α (eukaryotic translation initiation factor 2α) phosphorylation, which in turn inhibit protein synthesis and activate ATF4
(activated transcription factor 4). In terms of ATF6, it translocates to the Golgi where it is cleaved and migrates to the nucleus. XBP1, ATF4 and ATF6 regulate various
genes called in chaperone proteins synthesis, ER-associated degradation (ERAD), lipid synthesis and redox homeostasis.
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sustained. However, during either physiological or pathological
stress, an imbalance can occur due to various reasons such as
accumulation of misfolded proteins and increased protein
synthesis, thus causing ER stress. Factors such as mutated
proteins, dysregulated disulphide bond formation, and
impaired protein glycosylation can further contribute to ER
stress (Ren et al., 2021a).

To counteract ER stress following either physiological or
pathological stimuli, a number of adaptive mechanisms are
activated, including the unfolded protein response (UPR) and
the ER-associated degradation (ERAD) pathway. Originally, the
UPR aims to alleviate ER stress thus restoring homeostasis. This
can be achieved by increasing the degradation of misfolded
proteins and inhibiting protein translation to decrease protein
load. However, severe or prolonged stress initiates the ERAD
pathway to induce cell death (Ozcan and Tabas, 2012). The UPR
consists of a set of transmembrane ER-resident proteins,
including, inositol-requiring protein 1 (IRE1), PKR-like
endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6). Under basal conditions, the
chaperone glucose regulatory protein 78 (GRP78, also known
as BiP) is bound to these proteins preventing their activation.
Following stress, GRP78 dissociates allowing the activation of
these transmembrane proteins (Ren et al., 2021a). A summary of
this processes can be seen in Figure 3.

IRE1 is themost evolutionary conserved protein amongst UPR
transducers, possessing both endoribonuclease and kinase
activity. Upon activation, IRE1 excises a 26-nucleotide intron
from X-Box Binding Protein 1 (XBP1) mRNA, resulting in the
transcriptionally active spliced-XBP1 (XBP1s). Once activated,
XBP1s is a potent transcription factor that regulates genes
involved in protein quality control and ERAD. There are two
main IRE1 isoforms, IRE1α and IRE1β. IRE1α has stronger XBP1
splicing activity whereas IRE1β can act as a negative-suppressor
of IRE1α (Ren et al., 2021a). IRE1 is also involved in the IRE1-
dependent decay (RIDD) pathway. As IRE1 possesses RNAse
activity it is capable of degradingmRNA andmiRNAs localised in
the ER membrane thereby reducing protein influx into the ER
lumen (Coelho and Domingos, 2014).

PERK is a protein kinase consisting of both kinase and
cytoplasmic domains. PERK undergoes trans-
autophosphorylation to activate its cytosolic kinase domain,
which facilities the phosphorylation of eukaryotic initiation
factor 2 (eIF2a). This ultimately leads to attenuation of protein
translation, reduced flow of newly synthesised proteins into the
ER, and permit the cell to recover from themisfolded protein load
and maintain protein homeostasis. Phosphorylated eIF2a also
increases the translation of Activating Transpiration Factor 4
(ATF4) mRNA to increase the expression of various UPR genes
(Liu et al., 2015).

Upon release from GRP78, ATF6 migrates to the Golgi
apparatus where it is cleaved by site-1 and site-2 proteases.
The 50 kDa N-terminal fragment, ATG6α, migrates to the
nucleus where it upregulates several genes involved in the
UPR and ERAD pathway to aid in protein folding and lipid
biogenesis. The other ATF6 fragment, ATF6β is suggested to
inhibit ATG6α activity and possess less transcriptional activity.

The physiological role of ATF6β during basal conditions and
stress is significantly less documented as opposed to ATF6α
(Hillary and Fitzgerald, 2018).

ERAD pathway functions to transport misfolded proteins out
of the ER to allow degradation by the ubiquitin proteasome
system (UPS). The UPS plays a vital role in maintaining
protein quality control by selectively degrading proteins, in a
process called ubiquitination. This involves the addition of a 76-
amino-acid polypeptide to specific lysine residues on the target
protein. This is achieved by a three-step cascade involving
ubiquitin-activating (E1), ubiquitin-conjugating (E2) and
ubiquitin ligase (E3). During the reaction, a bond is formed
between the COOH group of the C-terminal of ubiquitin is
formed and NH2 of lysine residue. The majority of proteins
require the addition of a poly-ubiquitin chain for destruction. To
achieve this, the ubiquitin molecule contains seven lysine
residues, which can form a polymeric ubiquitin chain by
sequentially adding ubiquitin moieties (Berner et al., 2018).
Poly-ubiquitinated protein degradation is catalysed by the
ATP-dependent multi-catalytic complex, 26S proteasome. This
complex comprises two assemblies, the 20S core particle and the
19S regulatory complex. The 20S proteasome forms a barrel-
shape structure composed of 28 units containing two peripheral α
subunits, regulating entry of unfolded proteins and two β
subunits harbouring proteolytic activity. The 19S cap complex
contains six AAAATPases (Rpt1-Rpt6) which form the RpT ring.
This ring is responsible for unfolding incoming proteins in an
ATP-dependent manner and transporting the unfolded protein
chain into the cylinder for degradation. Other non-ATPase
protein are present in the 19S cap, including Rpn10 and
Rpn13 that function as ubiquitin-receptors (Kocaturk and
Gozuacik, 2018). Following proteasomal degradation, the
resulting small peptides are further broken down by cytosolic
peptidases producing amino acids that can be recycled (Voges
et al., 1999).

Several key chaperone proteins are present in the ER to aid in
the identification and folding of misfolded proteins. Such proteins
include calreticulin, calnexin, protein disulphide isomerase
(PDI), as well as glucose-regulated protein 94 (GRP94)
(Brown and Naidoo, 2012). Numerous studies have
demonstrated the involvement of the UPR and ERAD
signalling pathways in different CVD models, including,
myocardial infarction (Belmont et al., 2010), diabetes mellitus
(Wu et al., 2021), hypertension (Wang et al., 2014a), pressure
overload and heart failure (Doroudgar et al., 2015).

5.1 Molecular Pathways Underlying
Reduced Endoplasmic Reticulum Stress
Response in Cardiac Ageing
Studies have shown that the function of the UPR in ageing and
different diseases is complex. Multiple factors influence the ER
response including the nature, timing and strength of the specific
stress insult (Lindholm et al., 2017). During acute stress insults,
the ER is capable of clearing accumulated unfolded/misfolded
proteins and aggregates via rapid activation of the UPR to
maintain cellular homeostasis. In contrast, during prolonged
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chronic stress the protein load exceeds the ER folding capacity
and the UPR fails to restore cellular homeostasis leading to
activation of apoptotic signalling (Liu and Connor, 2015). The
effect of ageing on proteostasis has been investigated extensively
in various tissues. Numerous studies have demonstrated that ER
stress is a hallmark feature in the pathogenesis of several age-
related CVDs including type II diabetes and heart failure (Yang
et al., 2020). During ageing, there is a progressive decline in the
UPR function and an increase in pro-apoptotic signalling in
several tissues, such as the liver, lung, brain, kidney, and heart.
The total number of UPR pathway components including, PDI,
GRP78, GRP94, and calnexin decline with age. Furthermore,
increased oxidisation leads to structural changes within
chaperone proteins which significantly attenuates their
function and comprises the ER response (Li et al., 2019b).
During ageing, the increased level of misfolded and aggregated
proteins is a particular burden in long-lived, non-dividing cells
such as cardiomyocytes. Furthermore, increased ER damage and
reduced UPR signalling significantly attenuate the ability of cells
to remove protein aggregates (Hipp et al., 2019). Together these
findings support the notion that therapeutically targeting ER

stress and the UPR may be a viable approach to targeting
ageing and disease.

5.2 Drugs Targeting Endoplasmic Reticulum
Stress Response
There is clear evidence linking the loss of ER-mediated
proteostasis and ageing-related CVDs. Animal and cellular
models using gain or loss of function of UPR proteins have
demonstrated the therapeutic potential of targeting the ER.
Therefore, scientific attention has turned to finding novel
pharmacological therapies to target impaired proteostasis and
maintain cardiac function during disease and ageing. A summary
of the autophagy activators and their limitations can be seen in
Table 2.

5.2.1 Empagliflozin
SGLT-2 inhibitors have also been associated with reduced ER
stress during cardiac stress. Empagliflozin has been shown to
protect against ER stress-induced cardiomyocyte apoptosis. Zhou
and Wu 2017 used STZ-induced diabetic rats treated with

TABLE 2 | List of drugs shown to modulate unfolded protein response.

Drug name Mode of action Research progression Major limitations References

Empagliflozin ↓ CHOP, ↓ Caspase-12 FDA approved for the treatment of type II
diabetes mellitus

Unknown mechanism Zhou and Wu,
(2017)

In clinical trial for treatment of cardiovascular
disease

B7-33 ↓ CHOP, ↓ GRP78 Currently only used experimentally Unknown mechanism Devarakonda et al.
(2020)

Icariside II ↓ CHOP, ↓ GRP78, ↓ PERK, ↓ ATF4, ↓
mTORC1

In clinical trial for investigation of
cardiovascular health

Limited information regarding
pharmacokinetic and metabolism

Wu et al. (2019b)

Trigonelline ↓ eIF2a, ↓ GRP78, ↓ GRP94, ↓
Caspase-3, ↓ Caspase-9, ↓ GRP78, ↑
Bcl-2, ↑ Bcl-XL

In clinical trial for investigation of
cardiovascular health

Poor bioavailability and Solubility Tharaheswari et al.
(2014)

Notoginsenoside R1 ↓ Caspase-12, ↓ CHOP, ↓ p-JNK, ↓
p-PERK, ↓ ATF6, ↓ IRE1a

Currently only used experimentally Poor bioavailability and solubility Yu et al. (2016)

Araloside C ↓ ATF6, ↓ PERK/eIF2a Currently only used experimentally Poor bioavailability and Solubility Du et al. (2018)
Propranolol and
Metoprolol

↓ XBP-1, ↓ GRP78,↓ CamKII FDA Approved for use as a beta-blocker Unknown mechanism Ni et al. (2011)

Salubrinal ↑ P-eIF2a, ↓ CHOP, ↓ Caspase-12 Currently only used experimental Unknown mechanism Rani et al. (2017b)
Elatoside C ↓ GRP78, ↓ CHOP, ↓ Caspase-12 Currently only used experimental Poor bioavailability and solubility Wang et al.

(2014b)
Metformin ↑ PERK/ATF4 FDA Approved for treatment of type II

diabetes mmellitus
Non-selective Quentin et al.

(2012)
4-PBA Binds to misfolded proteins FDA approved for treatment of urea cycle

disorder
Non-specific as it can modulates
with multiple cellular processes

Jian et al. (2016b)
Park et al. (2012)

TUDCA Binds to misfolded proteins In clinical trials for treatment of ulcerative
colitis and transthyretin Amyloid
cardiomyopathy

Unknown safety following long-term
administration

Rani et al. (2017a)
Radwan et al.
(2020)

Apelin-13 ↓ JNK, ↓ CHOP, ↓ Caspase-12 In clinical trial for treatment of chronic kidney
disease

Poor stability in vivo Samura et al.
(2016)

Berberine ↓ PERK, ↓ eIF2a, ↓ CHOP, ↓ ATF4, ↓
GRP78, ↓ Caspase-12

In preclinical development Poor bioavailability and solubility Zhao et al. (2016)
Unknown mechanism adverse
gastrointestinal effect

Liao et al. (2018)

— Yin et al. (2008)
Olmesartan ↓ Caspase-12, ↓ GRP78, ↓ p-JNK FDA approved for treatment of hypertension Unknown mechanism Sukumaran et al.

(2011)
Atorvastatin ↓ GRP78, ↓ CHOP, ↓ Caspase-12 FDA approved for treatment of high

cholesterol
Non-specific Song et al. (2011)
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Empagliflozin to examine the impact it has on ER stress in
diabetic cardiomyopathy. They found that Empagliflozin
treatment led to a significant reduction in the expression of
CHOP and caspase 12 activation, suggesting reduced ER
stress. They also found that the mRNA expression of XBP1,
ATF4, and TRAF2 was decreased (Zhou and Wu, 2017). Despite
the growing evidence stating the cardioprotective effects of SGLT-
2 inhibitors, more research is needed to investigate the role of
these drugs on different forms of CVD. It is also currently unclear
if the protective effects of SGLT-2 inhibitors on the heart are due
to a systemic effect or a direct effect on the myocardium. SGLT-2
is predominately found in the proximal tubules in the kidney and
does not exist in the myocardium, however, Park et al., showed
that Porcine coronary artery endothelial cells were able to express
SGLT-2 upon exposure to glucose despite having no basal SGLT-
2 expression (Park, 2018).

5.2.2 Glucagon-1 Like Peptide Agonist
Glucagon-1 like peptide (GLP-1) is a member of the pro-glucagon
incretin family that acts via the GLP-1 receptor. Recent studies
have demonstrated that activation of GLP-1 can reduce ER stress.
Liraglutide is a GLP-1 receptor agonist that can activate the GLP-
1 pathway. Liraglutide was shown to alleviate ER stress in
endothelial cells isolated from diabetic patients. Acute
treatment with Liraglutide decreased the expression of
phosphorylated IRE1α and JNK whereas insulin-stimulated
endothelial nitric oxide synthase activation was restored
(Bretón-Romero, 2018). A further study found that Liraglutide
was capable of improving cardiac function in rats subjected to
diabetic cardiomyopathy. Mechanistically, Liraglutide attenuated
ER stress by decreasing IRE1α/sXBP1 signalling and CHOP-
mediated cell death (Ji et al., 2014). Another GLP-1 agonist,
Exendin-4 has been linked to modulating ER stress in the diabetic
myocardium. It has been shown that Exendin-4 treatment can
prevent thapsigargin and hydrogen-peroxide induced
cardiomyocyte death. Cardiomyocytes exhibited reduced ER
stress evident by decreased GRP78 and CHOP expression
(Younce et al., 2013). A plethora of scientific studies have
investigated the role of GLP-1 in diabetes, but limited research
focused on its role in other CVDs. This is further hindered by the
finding that although Dulaglutide (GLP-1 agonist) was capable of
lowing blood glucose levels, systolic blood pressure and body
weight in type II diabetes patients, no significant difference in
cumulative incidence of cardiovascular outcomes was seen. This
indicates that GLP-1 may only be capable of reducing ER stress in
diabetes (Gerstein et al., 2019). This warrants further research
regarding the role of GLP-1 in CVDs.

5.2.3 Natural Compounds
Recently, several natural compounds have gained attention due to
their ability to modulate protein homeostasis pathways and to
exert a beneficial role during both ageing and CVDs. The
phytochemical compound present in fenugreek seeds,
Trigonelline, was identified to possess anti-apoptotic
properties. Following palmitic stress-induced ER stress,
Trigonelline reduced eIF2a phosphorylation and expression of
GRP78/94, attenuating metabolic stress (Khound et al., 2018). In

vitro experiments utilising H9C2 cells subjected to hydrogen-
peroxide induced apoptosis revealed that Trigonelline
downregulated the expression of proapoptotic caspases such as
caspase-3 and caspase-9. Instead, anti-apoptotic proteins Bcl-2
and Bcl-XL expression were upregulated (Ilavenil et al., 2015).
However, before this compound can be applied therapeutically to
treat CVDs, further research is needed as some reports have
suggested that caspase inhibitors can induce necrosis (Amen
et al., 2019).

Icariside II, a PDE-5 inhibitor, is a flavonoid originating from
Epimedium brevicornum. In traditional Chinese medicine, it has
been used to treat various disorders including dementia and
osteoporosis (Liu et al., 2018). Using a spontaneous
hypertensive rat (SHR) model, Wu et al., demonstrated the
role of Icariside II in the ER stress response pathway. The rats
were intra-gastrically administrated with Icariside II up until they
reached 26-weeks old before ER pathway markers were analysed.
The study found Icariside II alleviated hypertension-mediated
cardiomyocyte apoptosis and prevented the decline in cardiac
function in the rats. Icariside II reduced the expression of GRP78,
CHOP, PERK, and ATF4 at both the protein and mRNA level to
alleviate the extent of ER stress, reducing the percentage of
apoptotic cells (Wu et al., 2019b). Icariside II has also been
implemented in autophagy. Liu et al., investigated the effect of
Icariside II on cardiac hypertrophy. Mice were subjected to TAC
surgery before being divided into vehicle or Icariside II groups for
6 weeks. Icariside II alleviated pressure-overload induced cardiac
dysfunction, hypertrophic growth, and fibrosis. Upon
examination of the underlying signalling mechanisms, it was
revealed that pressure-overload stress inactivated AMPKα and
activated Akt. Icariside II blunted these changes and also
inhibited the mTORC1/p70s6K/4EBP1 pathway (Liu et al., 2018).

Notoginsenoside R1 is a novel saponin derived from
P.notoginseng that has previously been shown to encompass
anti-inflammatory, anti-apoptotic, and anti-oxidative ability
(Xia et al., 2015). Pre-conditioning H9C2 cells or perfusing
isolated rat hearts with Notoginsenoside R1 before exposing
them to hypoxia/reoxygenation or ischaemia/reperfusion
respectively, revealed that Notoginsenoside R1 inhibited the
expression of Caspase-12, CHOP, and phosphorylated JNK.
Following ischaemia/reperfusion injury the expression of
various components of the ER pathway including,
phosphorylated PERK, ATF6, and IRE1a increased. However,
this was attenuated via Notoginsenoside R1 pre-conditioning.
Furthermore, Notoginsenoside R1 is capable of scavenging free
radicals, suppressing the extent of oxidative stress (Yu et al.,
2016).

5.2.4 Small Molecules
Several small molecules have been identified to regulate the UPR
signalling pathway. Araloside C is a triterpenoid compound that
was shown to prevent cardiomyocyte apoptosis and increase cell
viability through suppression of ATF6 and PERK/eIF2a
activation (Du et al., 2018). Propranolol and Metoprolol are β-
adrenergic receptor blockers that can improve cardiac function in
heart failure patients. It has been reported that the underlying
mechanism of these drugs may be associated with regulating the
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ER stress response. Ni et al., subjected rats to either aortic
constriction or isoproterenol injection to induce cardiac
hypertrophy and heart failure. They found that Propranolol
and Metoprolol treatment suppressed ER stress by decreasing
the expression of CHOP resulting in decreased ER stress
mediated cardiomyocyte apoptosis (Ni et al., 2011). Similarly,
Li et al., demonstrated that Salubrinal treatment following
myocardial infarction results in a smaller infarct size and
reduced cardiomyocyte apoptosis. Mechanistically, Salubrinal
increased eIF2a phosphorylation and downregulated CHOP
and Caspase-12 expression (Li et al., 2015). Furthermore, the
triterpenoid compound, Elatoside C demonstrated
cardioprotective ability following ischaemia-reperfusion injury
by increased STAT3 phosphorylation and Bcl-2 expression as
well as decreased expression of ER stress proteins, GRP78,
Caspase-12 and CHOP (Cheang et al., 2014).

5.2.5 B7-33
Serelaxin, a novel vaso-protective drug, has recently gained
considerable scientific attention as a new vaso-protective drug
displaying potential therapeutic effects in heart failure. However,
Serelaxin production is both costly, lengthy, and labour intensive.
To overcome these issues, scientists have developed B7-33, a
single-chain peptidomimetic (Marshall et al., 2017). Using both
in vivo and in vitro experiments, Devarakonda et al., investigated
the biological role of B7-33 during cardiac ischaemia-reperfusion
injury. Adult CD1 mice were subjected to LAD ligation for
30 min followed by induction of B7-33 treatment and
reperfusion for 24 h or 7 days. Echocardiological analysis
revealed that B7-33 treatment maintained cardiac function
reflected by the preserved fractional shortening after both 24 h
and 7 days reperfusion and the lower sLVID. B7-33 treated mice
also demonstrated a reduced infarct size compared to the vehicle
control mice. mRNA analysis from vehicle cardiac tissue exposed
to 24 h ischaemia/reperfusion injury showed increased CHOP
expression, however, this increase was attenuated in B7-33
treated mice. In vitro experiments revealed that treatment of
primary cardiomyocytes with B7-33 followed by either
tunicamycin or simulated ischaemia reoxygenation exposure
led to decreased GRP78 expression in an ERK1/2 dependent
manner, indicating UPR pathway activation (Devarakonda et al.,
2020). However, the exact signalling cascade remains to be
identified. Nevertheless, B7-33 demonstrated the potential as a
novel therapeutic strategy for ischaemia reperfusion injury.

5.2.6 Chemical Chaperones
Chemical chaperones are able to reduce the extent of misfolded
protein accumulation and aggregation by acting as endogenous
chaperones to increase mutant protein trafficking and strengthen
the ER folding ability (Jung and Choi, 2016). Key chemical
chaperons include, 4-phenylbutyric acid (4-PBA) and
Tauroursodeoxycholic acid (TUDCA). 4-PBA is an FDA-
approved drug for the treatment of urea cycle disorders (Jian
et al., 2016a), however, it has also shown potential therapeutic
effects in various CVDs by attenuating ER stress. The low-
molecular weight aromatic fatty acid, 4-PBA, modulates
numerous ER components including, CHOP, GRP78, PERK,

XBP1 and JNK to reduce ER stress. The cardioprotective role
of 4-PBA was been shown in various diseases including cardiac
ischaemia-reperfusion injury (Jian et al., 2016b), pressure-
overload stress and fibrosis (Luo et al., 2015). It interacts with
the hydrophobic region within misfolded proteins, preventing
aggregation (Rellmann et al., 2019). In addition, TUDCA
administration has been shown to reduce the expression of
phosphorylated eIF2a, phosphorylated PERK and GRP78
following pressure-overload cardiac remodelling (Rani et al.,
2017a). Similarly, Choi et al., demonstrated that compared to
wildtype rats, spontaneously hypertensive rats had increased
expression, ATF6, IRE1, XBP1, PERK, eIF2a, CHOP and
GRP78. However, following TUDCA treatment there was a
reduction in the expression of these ER markers. Cardiac
function and systolic blood pressure were also improved with
TUDCA treatment (Choi et al., 2016).

6 PROTEIN QUALITY CONTROL SYSTEM
CROSSTALK

Although ER stress and autophagy involving various signalling
molecules, together the different protein quality control systems
act as an integrated stress response. For example, all three
branches of the UPR can activate autophagy through
increasing the expression of multiple ATG genes, modulating
numerous kinases such as mTORC1 or AMPK or decreasing the
expression of several autophagy inhibitors (Ren et al., 2021b).
IRE1 and PERK branches of the UPR have been implemented in
inducing autophagy by upregulating autophagy genes and
increasing Beclin-1 expression (Verfaillie et al., 2010).
Overexpression of XBP1s activated autophagic signaling
demonstrated by enhanced LC3-II conversion and increased
expression of Beclin-1 (Margariti et al., 2013). ATF6 has also
been implemented in the induction of autophagy via Death-
associated kinase 1 (DAPK1) signalling. Knockdown of ATF6
resulted in a strong reduction in DAPK1 expression, decreased
Beclin-1 phosphorylation and decreased autophagosome
formation (Zalckvar et al., 2009). Moreover, calcium released
from the ER can stimulate Ca2+/calmodulin-dependent kinase
kinase β (CaCMKKβ) which in turn phosphorylates and activated
AMPK leading to mTORC1 inhibition and autophagy induction
(Verfaillie et al., 2010). Ca2+ presence in the cytosol also activates
DAPK1 signalling, to increase Beclin-1 and Bcl-2
phosphorylation to trigger autophagy (Zalckvar et al., 2009).
Although clear links been autophagy and UPR have been
acknowledged, fewer studies have explored them in the
context of cardiac ageing. Therefore, further research in this
area is area is warranted.

7 LIMITATIONS AND FUTURE DIRECTIONS

In spite of a large number of drugs that are available to regulate
the autophagic and UPR activity and some of them, indeed, have
been licensed to be used in humans, like rapamycin, chloroquine
and 4-PBA none of them were initially designed specifically to
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modulate autophagy and ER stress. Hence, the first obstacle that,
so far, has prevented the current cellular homeostasis modulators
from clinical treatment and deaccelerated their development, is
the drug specificity. Almost all the chemical agents that are
available currently to stimulate autophagy and UPR lack
pharmacological specificity. That is, apart from their roles in
the activation of these processes, they exert multiple non-
specificity effects. For example, rapamycin and multiple
rapalogues block the proliferation of T cells, exerting potent
immunosuppressive effects (Baroja-Mazo et al., 2016).
Questions also remain as to whether Tat-beclin-1 possess any
non-specific actions resulting in unknown side-effects. Tat-
Beclin-1 induces a dose-dependent and time-dependent effect.
Although low doses of the peptide are non-cytotoxic, high dose
have been shown to induce cell death in adult rat cardiomyocytes
and human-induced pluripotent stem cells (Nah et al., 2020). One
efficient way of increasing specificity is to focus on the
components of the autophagic and UPR machinery that seem
to have limited involvements in other processes, such as ATG4B
(Akin et al., 2014) and ULK1 (Egan et al., 2015). Another
mainstream strategy is to target selective pathways such as
mitophagy (Sumpter et al., 2016). The current UPR regulating
drugs do not directly target any upstream ER regulatory
checkpoints. This is important as in a clinical setting, targeting
these checkpoints has been identified as an optimal method to
modulate ER stress and the UPR (Ren et al., 2021a).

Moreover, the architectural complexity of all tissues itself leads
to specificity-related problems. Multiple types of cells within the
tissue constitute complex homologous and heterologous
interactions and the majority of current autophagy or UPR
modulators do not specifically target a single cell type.
Autophagy, mitophagy and the ER stress response occur in
many tissues and cell types throughout the body. Therefore,
pharmacological intervention may result in complete ablation
or excessive activation of these pathways in multiple cell types
and tissues meaning the desired therapeutic effect may not be
achieved. Instead, targeting these processes in specific tissues or
cell types is a viable approach to exploit the therapeutic value of
the drugs (Galluzzi et al., 2017).

Currently, there are challenges in analysing the actual effect of
the drugs at the cellular or even whole-body level. To address this
complexity, the development of a suitable genetic model with cell-
specific defects in specific components of the autophagic and UPR
response is a viable strategy. The shortage of reliable and correct
genetic models that can be used for the study of these pathways on
disease pathogenesis and the development of novel agents is a main
issue. In addition, the genetic models that have been used so far have
several defects, like Atg4b−/−mice, a genetic model with whole-body
autophagy deficiency, still preserve some non-canonical autophagy
response in several tissues including the liver, causing issues in the
interpretation of disease progression before and after treatment in
this kind of mice model (Niso-Santano et al., 2015).

Alternatively, various tissue-specific deficiency models have
been generated based on tissue specifically expressed Cre
recombinase. However, these gene knockout models rely on
the promoters of choice and they lead to autophagy and UPR
defects at different stages of cell differentiation, thus causing

considerable variability (Barinaga, 1994). Another issue related to
this setting is the compensatory mechanism that may partially (if
not totally) compensate for the absence of an individual protein,
and this is the case for the autophagy and UPR machinery. To
solve these issues, the conditional tissue-specific knockout model
(rely on viral Cre delivery or pharmacological activation) has
been introduced. But this model suffers from off-target problems
that may accidentally lead to deficiencies in other tissues as well as
the issue associated with the efficiency of Cre activation. Hence,
taking the limitations of the current genetic models into
consideration, further work is required to develop new models
that bypass these persisting obstacles, facilitating the correct
interpretation of discovery (Galluzzi et al., 2017).

Another related problem is the lack of standardised and
reliable methods for discriminating the roles of different kinds
of autophagy and UPR signalling, particularly in vivo and in
patients (Klionsky et al., 2016). For example, the standard of
current measurement of autophagy within the scientific
community is still obscure. Therefore, considerable efforts are
required for the generation of standardized methods that allow
for monitoring of autophagy and UPR activity in distinct settings
both in vivo and in patients, which will remove part of the current
obstacles in the discovery and development of novel drugs.

The lack of translational research has significantly hindered
the development of novel drugs involved in cellular homeostasis
regulation. Although there have been advances in the
understanding of the underlying signalling cascades within
cells and novel therapeutic targets have been identified, few
studies have investigated the drugs in vivo and the human
setting. For example, although natural compounds hold great
potential in modulating cellular homeostasis in vitro, a key
drawback of their use is their poor bioavailability and
solubility. Despite the cardioprotective benefits displayed by
the various naturally occurring compounds, they possess a
relatively low solubility leading to low oral absorption thus
limiting therapeutic application. In addition, the long-term
safety of many described drugs is also an area of concern.
Therefore, further research to improve the clinical effect of
these compounds is warranted (Xu et al., 2021).

8 CONCLUSION

Growing evidence from scientific studies supports the notion that
there is an age-dependent decline in protein and cellular
homeostasis which is mediated by impaired autophagy,
mitophagy and UPR signalling. This imbalance promotes
pathological cardiac ageing and increases the susceptibility of
cardiac diseases, particularly heart failure. Decreased autophagy,
mitophagy and UPR signalling result in the accumulation of
damaged cellular elements and molecules such as organelle,
misfolded proteins and lipids which threatens cell survival and
cardiac function.

The mechanisms underlying autophagy, mitophagy and the
UPR have been extensively investigated. Pharmacological
intervention has shown to be able to maintain cellular
equilibrium whereby limiting the damage associated with
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ageing and CVDs. Restoring efficient cellular homeostasis
signalling is increasingly being recognized as an important
therapeutic target. However, the central aim of promoting
health and mitigating consequences of CVDs will require
pharmacological interventions to be fine-tuned to ensure that
the modulation of autophagy and UPR occurs in the correct cell
type and tissue, at an appropriate time, and within a specific dose
range to avoid excessive or inappropriate effects. To this end,
efficiently and selectively targeting these crucial processes is vital
to effectively utilize these drugs at their full potential. Multiple
hurdles associated with the technical, experimental,
pharmacological and translational aspects of drugs have
significantly hampered their implementation into the clinical
setting. These obstacles can be bypassed by the development
of more selective drugs, suitable rodent models of autophagy and

UPR deficiencies, standardisation of scientific methods and
greater emphasis on translational research.

AUTHOR CONTRIBUTIONS

TA, HZ, and FZ drafted manuscript; TA, HZ, and FZ prepared
figures; TA, HZ, FZ, and XW edited and revised manuscript; TA,
HZ, FZ, and XW approved final version of manuscript.

FUNDING

This study was supported by the British Heart Foundation Grant
FS/19/39/34447.

REFERENCES

Abdellatif, M., Sedej, S., Carmona-Gutierrez, D., Madeo, F., and Kroemer, G.
(2018). Autophagy in Cardiovascular Aging. Circ. Res. 123, 803–824. doi:10.
1161/CIRCRESAHA.118.312208

Akin, D., Wang, S. K., Habibzadegah-Tari, P., Law, B., Ostrov, D., Li, M., et al.
(2014). A Novel ATG4B Antagonist Inhibits Autophagy and Has a Negative
Impact on Osteosarcoma Tumors. Autophagy 10, 2021–2035. doi:10.4161/auto.
32229

Alcendor, R. R., Gao, S., Zhai, P., Zablocki, D., Holle, E., Yu, X., et al. (2007). Sirt1
Regulates Aging and Resistance to Oxidative Stress in the Heart. Circ. Res. 100,
1512–1521. doi:10.1161/01.RES.0000267723.65696.4a

Alfaro, I. E. (2019). Chaperone Mediated Autophagy in the Crosstalk of
Neurodegenerative Diseases and Metabolic Disorders. Front. Endocrinol. 10.
doi:10.3389/fendo.2018.00778

Alnsasra, H., Asleh, R., Oh, J. K., Maleszewski, J. J., Lerman, A., Toya, T., et al.
(2021). Impact of Sirolimus as a Primary Immunosuppressant on Myocardial
Fibrosis and Diastolic Function Following Heart Transplantation. J. Am. Heart
Assoc. 10, e018186. doi:10.1161/JAHA.120.018186

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I., Simon, A. K.,
Bjedov, I., et al. (2021). Autophagy in Healthy Aging and Disease. Nat. Aging 1,
634–650. doi:10.1038/s43587-021-00098-4

Amen, O. M., Sarker, S. D., Ghildyal, R., and Arya, A. (2019). Endoplasmic
Reticulum Stress Activates Unfolded Protein Response Signaling and Mediates
Inflammation, Obesity, and Cardiac Dysfunction: Therapeutic and Molecular
Approach. Front. Pharmacol. 10, 977. doi:10.3389/fphar.2019.00977

Andres, A. M., Hernandez, G., Lee, P., Huang, C., Ratliff, E. P., Sin, J., et al. (2014).
Mitophagy Is Required for Acute Cardioprotection by Simvastatin. Antioxid.
Redox Signal. 21, 1960–1973. doi:10.1089/ars.2013.5416

Andreux, P. A., Blanco-Bose, W., Ryu, D., Burdet, F., Ibberson, M., Aebischer, P.,
et al. (2019). The Mitophagy Activator Urolithin A Is Safe and Induces a
Molecular Signature of Improved Mitochondrial and Cellular Health in
Humans. Nat. Metab. 1, 595–603. doi:10.1038/s42255-019-0073-4

Antelmi, I., de Paula, R. S., Shinzato, A. R., Peres, C. A., Mansur, A. J., and Grupi, C.
J. (2004). Influence of Age, Gender, Body Mass index, and Functional Capacity
on Heart Rate Variability in a Cohort of Subjects without Heart Disease. Am.
J. Cardiol. 93, 381–385. doi:10.1016/j.amjcard.2003.09.065

Banerjee, P. S., Lagerlöf, O., and Hart, G.W. (2016). Roles of O-GlcNAc in Chronic
Diseases of Aging. Mol. Aspects Med. 51, 1–15. doi:10.1016/j.mam.2016.05.005

Barbosa, M. C., Grosso, R. A., and Fader, C. M. (2019). Hallmarks of Aging: An
Autophagic Perspective. Front. Endocrinol. 10. doi:10.3389/fendo.2018.00790

Barinaga, M. (1994). Knockout Mice: Round Two. Science 265, 26–28. doi:10.1126/
science.8016653

Baroja-Mazo, A., Revilla-Nuin, B., Ramírez, P., and Pons, J. A. (2016).
Immunosuppressive Potency of Mechanistic Target of Rapamycin Inhibitors
in Solid-Organ Transplantation.World J. Transpl. 6, 183–192. doi:10.5500/wjt.
v6.i1.183

Belmont, P. J., Chen, W. J., San Pedro, M. N., Thuerauf, D. J., Gellings Lowe, N.,
Gude, N., et al. (2010). Roles for Endoplasmic Reticulum-Associated
Degradation and the Novel Endoplasmic Reticulum Stress Response Gene
Derlin-3 in the Ischemic Heart. Circ. Res. 106, 307–316. doi:10.1161/
CIRCRESAHA.109.203901

Benjamin, E. J., Blaha, M. J., Chiuve, S. E., Cushman, M., Das, S. R., Deo, R., et al.
(2017). Heart Disease and Stroke Statistics-2017 Update: A Report from the
American Heart Association. Circulation 135, e146. doi:10.1161/CIR.
0000000000000485

Berner, N., Reutter, K. R., and Wolf, D. H. (2018). Protein Quality Control of the
Endoplasmic Reticulum and Ubiquitin-Proteasome-Triggered Degradation of
Aberrant Proteins: Yeast Pioneers the Path. Annu. Rev. Biochem. 87, 751–782.
doi:10.1146/annurev-biochem-062917-012749

Bernhard, D., and Laufer, G. (2008). The Aging Cardiomyocyte: A Mini-Review.
Gerontology 54, 24–31. doi:10.1159/000113503

Billia, F., Hauck, L., Konecny, F., Rao, V., Shen, J., and Mak, T. W. (2011). PTEN-
inducible Kinase 1 (PINK1)/Park6 Is Indispensable for normal Heart Function.
Proc. Natl. Acad. Sci. U. S. A. 108, 9572–9577. doi:10.1073/pnas.1106291108

Bretón-Romero, R. (2018). Liraglutide Treatment Reduces Endothelial
Endoplasmic Reticulum Stress and Insulin Resistance in Patients with
Diabetes Mellitus. J. Am. Heart Assoc. 7.

Brown, D. A., Perry, J. B., Allen, M. E., Sabbah, H. N., Stauffer, B. L., Shaikh, S. R.,
et al. (2017). Expert Consensus Document: Mitochondrial Function as a
Therapeutic Target in Heart Failure. Nat. Rev. Cardiol. 14, 238–250. doi:10.
1038/nrcardio.2016.203

Brown, M. K., and Naidoo, N. (2012). The Endoplasmic Reticulum Stress Response
in Aging and Age-Related Diseases. Front. Physiol. 3, 263. doi:10.3389/fphys.
2012.00263

Cao, D. J., Jiang, N., Blagg, A., Johnstone, J. L., Gondalia, R., Oh, M., et al. (2013).
Mechanical UnloadingActivates FoxO3 toTrigger Bnip3-dependent Cardiomyocyte
Atrophy. J. Am. Heart Assoc. 2, e000016. doi:10.1161/JAHA.113.000016

Cao, W., Li, J., Yang, K., and Cao, D. (2021). An Overview of Autophagy:
Mechanism, Regulation and Research Progress. Bull. Cancer 108, 304–322.
doi:10.1016/j.bulcan.2020.11.004

Cen, X., Chen, Y., Xu, X., Wu, R., He, F., Zhao, Q., et al. (2020). Pharmacological
Targeting of MCL-1 Promotes Mitophagy and Improves Disease Pathologies in
an Alzheimer’s Disease Mouse Model. Nat. Commun. 11, 5731. doi:10.1038/
s41467-020-19547-6

Cen, X., Xu, X., and Xia, H. (2021). Targeting MCL1 to Induce Mitophagy Is a
Potential Therapeutic Strategy for Alzheimer Disease. Autophagy 17, 818–819.
doi:10.1080/15548627.2020.1860542

Chatham, J. C., Zhang, J., and Wende, A. R. (2021). Role of O-Linked
N-Acetylglucosamine Protein Modification in Cellular (Patho)Physiology.
Physiol. Rev. 101, 427–493. doi:10.1152/physrev.00043.2019

Cheang, W. S., Tian, X. Y., Wong, W. T., Lau, C. W., Lee, S. S., Chen, Z. Y., et al.
(2014). Metformin Protects Endothelial Function in Diet-Induced Obese Mice
by Inhibition of Endoplasmic Reticulum Stress through 5’ Adenosine
Monophosphate-Activated Protein Kinase-Peroxisome Proliferator-Activated

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819018

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1161/CIRCRESAHA.118.312208
https://doi.org/10.1161/CIRCRESAHA.118.312208
https://doi.org/10.4161/auto.32229
https://doi.org/10.4161/auto.32229
https://doi.org/10.1161/01.RES.0000267723.65696.4a
https://doi.org/10.3389/fendo.2018.00778
https://doi.org/10.1161/JAHA.120.018186
https://doi.org/10.1038/s43587-021-00098-4
https://doi.org/10.3389/fphar.2019.00977
https://doi.org/10.1089/ars.2013.5416
https://doi.org/10.1038/s42255-019-0073-4
https://doi.org/10.1016/j.amjcard.2003.09.065
https://doi.org/10.1016/j.mam.2016.05.005
https://doi.org/10.3389/fendo.2018.00790
https://doi.org/10.1126/science.8016653
https://doi.org/10.1126/science.8016653
https://doi.org/10.5500/wjt.v6.i1.183
https://doi.org/10.5500/wjt.v6.i1.183
https://doi.org/10.1161/CIRCRESAHA.109.203901
https://doi.org/10.1161/CIRCRESAHA.109.203901
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1146/annurev-biochem-062917-012749
https://doi.org/10.1159/000113503
https://doi.org/10.1073/pnas.1106291108
https://doi.org/10.1038/nrcardio.2016.203
https://doi.org/10.1038/nrcardio.2016.203
https://doi.org/10.3389/fphys.2012.00263
https://doi.org/10.3389/fphys.2012.00263
https://doi.org/10.1161/JAHA.113.000016
https://doi.org/10.1016/j.bulcan.2020.11.004
https://doi.org/10.1038/s41467-020-19547-6
https://doi.org/10.1038/s41467-020-19547-6
https://doi.org/10.1080/15548627.2020.1860542
https://doi.org/10.1152/physrev.00043.2019
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Receptor δ Pathway. Arterioscler. Thromb. Vasc. Biol. 34, 830–836. doi:10.1161/
ATVBAHA.113.301938

Chen, C., Kassan, A., Castañeda, D., Gabani, M., Choi, S. K., and Kassan, M.
(2019). Metformin Prevents Vascular Damage in Hypertension through the
AMPK/ER Stress Pathway. Hypertens. Res. 42, 960–969. doi:10.1038/s41440-
019-0212-z

Chen, Q., Thompson, J., Hu, Y., Das, A., and Lesnefsky, E. J. (2017). Metformin
Attenuates ER Stress-Induced Mitochondrial Dysfunction. Transl. Res. 190,
40–50. doi:10.1016/j.trsl.2017.09.003

Choi, S. K., Lim, M., Byeon, S. H., and Lee, Y. H. (2016). Inhibition of Endoplasmic
Reticulum Stress Improves Coronary Artery Function in the Spontaneously
Hypertensive Rats. Sci. Rep. 6, 31925. doi:10.1038/srep31925

Coelho, D. S., and Domingos, P. M. (2014). Physiological Roles of Regulated Ire1
Dependent Decay. Front. Genet. 5, 76. doi:10.3389/fgene.2014.00076

Collins, C., and Tzima, E. (2011). Hemodynamic Forces in Endothelial
Dysfunction and Vascular Aging. Exp. Gerontol. 46, 185–188. doi:10.1016/j.
exger.2010.09.010

Cool, B., Zinker, B., Chiou, W., Kifle, L., Cao, N., Perham, M., et al. (2006).
Identification and Characterization of a Small Molecule AMPK Activator that
Treats Key Components of Type 2 Diabetes and the Metabolic Syndrome. Cell
Metab 3, 403–416. doi:10.1016/j.cmet.2006.05.005

Cuervo, A. M., and Wong, E. (2014). Chaperone-mediated Autophagy: Roles in
Disease and Aging. Cell Res 24, 92–104. doi:10.1038/cr.2013.153

Dai, D. F., Karunadharma, P. P., Chiao, Y. A., Basisty, N., Crispin, D., Hsieh, E. J.,
et al. (2014). Altered Proteome Turnover and Remodeling by Short-Term
Caloric Restriction or Rapamycin Rejuvenate the Aging Heart. Aging Cell 13,
529–539. doi:10.1111/acel.12203

Dai, Y., Chen, Y., Wei, G., Zha, L., and Li, X. (2021). Ivabradine Protects Rats
against Myocardial Infarction through Reinforcing Autophagy via Inhibiting
PI3K/AKT/mTOR/p70S6K Pathway. Bioengineered 12. doi:10.1080/21655979.
2021.1925008

Das, S., Mitrovsky, G., Vasanthi, H. R., and Das, D. K. (2014). Antiaging Properties
of a Grape-Derived Antioxidant Are Regulated by Mitochondrial Balance of
Fusion and Fission Leading to Mitophagy Triggered by a Signaling Network of
Sirt1-Sirt3-Foxo3-Pink1-Parkin. Oxid. Med. Cel. Longev. 2014, 345105. doi:10.
1155/2014/345105

Devarakonda, T., Mauro, A. G., Guzman, G., Hovsepian, S., Cain, C., Das, A., et al.
(2020). B7-33, a Functionally Selective Relaxin Receptor 1 Agonist, Attenuates
Myocardial Infarction-Related Adverse Cardiac Remodeling in Mice. J. Am.
Heart Assoc. 9, e015748. doi:10.1161/JAHA.119.015748

Diguet, N., Trammell, S. A. J., Tannous, C., Deloux, R., Piquereau, J., Mougenot, N.,
et al. (2018). Nicotinamide Riboside Preserves Cardiac Function in a Mouse
Model of Dilated Cardiomyopathy. Circulation 137, 2256–2273. doi:10.1161/
CIRCULATIONAHA.116.026099

Dikic, I., and Elazar, Z. (2018). Mechanism and Medical Implications of
Mammalian Autophagy. Nat. Rev. Mol. Cel Biol 19, 349–364. doi:10.1038/
s41580-018-0003-4

Dorn, G. W. (2010). Mitochondrial Pruning by Nix and BNip3: An Essential
Function for Cardiac-Expressed Death Factors. J. Cardiovasc. Transl Res. 3,
374–383. doi:10.1007/s12265-010-9174-x

Doroudgar, S., Völkers, M., Thuerauf, D. J., Khan, M., Mohsin, S., Respress, J. L.,
et al. (2015). Hrd1 and ER-Associated Protein Degradation, ERAD, Are Critical
Elements of the Adaptive ER Stress Response in Cardiac Myocytes. Circ. Res.
117, 536–546. doi:10.1161/CIRCRESAHA.115.306993

Du, Y., Wang, M., Liu, X., Zhang, J., Xu, X., Xu, H., et al. (2018). Araloside C
Prevents Hypoxia/reoxygenation-Induced Endoplasmic Reticulum Stress via
Increasing Heat Shock Protein 90 in H9c2 Cardiomyocytes. Front. Pharmacol.
9180. doi:10.3389/fphar.2018.00180

Dumortier, J., Lapalus, M. G., Guillaud, O., Poncet, G., Gagnieu, M. C., Partensky,
C., et al. (2008). Everolimus for Refractory Crohn’s Disease: a Case Report.
Inflamm. Bowel Dis. 14, 874–877. doi:10.1002/ibd.20395

Edelberg, J. M., Tang, L., Hattori, K., Lyden, D., and Rafii, S. (2002). Young Adult
Bone Marrow-Derived Endothelial Precursor Cells Restore Aging-Impaired
Cardiac Angiogenic Function. Circ. Res. 90, E89–E93. doi:10.1161/01.res.
0000020861.20064.7e

Egan, D. F., Chun, M. G., Vamos, M., Zou, H., Rong, J., Miller, C. J., et al. (2015).
Small Molecule Inhibition of the Autophagy Kinase ULK1 and Identification of
ULK1 Substrates. Mol. Cel 59, 285–297. doi:10.1016/j.molcel.2015.05.031

Eisenberg, T., Abdellatif, M., Schroeder, S., Primessnig, U., Stekovic, S., Pendl, T.,
et al. (2016). Cardioprotection and Lifespan Extension by the Natural
Polyamine Spermidine. Nat. Med. 22, 1428–1438. doi:10.1038/nm.4222

Eisenberg, T., Knauer, H., Schauer, A., Büttner, S., Ruckenstuhl, C., Carmona-
Gutierrez, D., et al. (2009). Induction of Autophagy by Spermidine Promotes
Longevity. Nat. Cel Biol. 11, 1305–1314. doi:10.1038/ncb1975

Fernández, Á. F., Sebti, S., Wei, Y., Zou, Z., Shi, M., McMillan, K. L., et al. (2018).
Disruption of the Beclin 1-BCL2 Autophagy Regulatory Complex Promotes
Longevity in Mice. Nature 558, 136.

Frati, G., Vecchione, C., and Sciarretta, S. (2018). Novel Beneficial Cardiovascular
Effects of Natural Activators of Autophagy. Circ. Res. 123, 947–949. doi:10.
1161/CIRCRESAHA.118.313530

Fülöp, N., Marchase, R. B., and Chatham, J. C. (2007). Role of Protein O-Linked
N-Acetyl-Glucosamine in Mediating Cell Function and Survival in the
Cardiovascular System. Cardiovasc. Res. 73, 288. doi:10.1016/j.cardiores.
2006.07.018

Galluzzi, L., Bravo-San Pedro, J. M., Levine, B., Green, D. R., and Kroemer, G.
(2017). Pharmacological Modulation of Autophagy: Therapeutic Potential and
Persisting Obstacles. Nat. Rev. Drug Discov. 16, 487–511. doi:10.1038/nrd.
2017.22

Gao, G., Chen, W., Yan, M., Liu, J., Luo, H., Wang, C., et al. (2020). Rapamycin
Regulates the Balance between Cardiomyocyte Apoptosis and Autophagy in
Chronic Heart Failure by Inhibiting mTOR Signaling. Int. J. Mol. Med. 45,
195–209. doi:10.3892/ijmm.2019.4407

Ge, P., Dawson, V. L., and Dawson, T. M. (2020). PINK1 and ParkinMitochondrial
Quality Control: a Source of Regional Vulnerability in Parkinson’s Disease.Mol.
Neurodegener 15, 20. doi:10.1186/s13024-020-00367-7

Gélinas, R., Mailleux, F., Dontaine, J., Bultot, L., Demeulder, B., Ginion, A., et al.
(2018). AMPK Activation Counteracts Cardiac Hypertrophy by Reducing
O-GlcNAcylation. Nat. Commun. 9, 374.

Gerstein, H. C., Colhoun, H. M., Dagenais, G. R., Diaz, R., Lakshmanan, M., Pais,
P., et al. (2019). Dulaglutide and Cardiovascular Outcomes in Type 2 Diabetes
(REWIND): a Double-Blind, Randomised Placebo-Controlled Trial. Lancet
394, 121–130. doi:10.1016/S0140-6736(19)31149-3

Ghosh, H. S., McBurney, M., and Robbins, P. D. (2010). SIRT1 Negatively
Regulates the Mammalian Target of Rapamycin. PLoS One 5, e9199. doi:10.
1371/journal.pone.0009199

Gu, J., Hu, W., Song, Z. P., Chen, Y. G., Zhang, D. D., and Wang, C. Q. (2016).
Rapamycin Inhibits Cardiac Hypertrophy by Promoting Autophagy via the
MEK/ERK/Beclin-1 Pathway. Front. Physiol. 7, 104. doi:10.3389/fphys.2016.
00104

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A.,
Vasquez, D. S., et al. (2008). AMPK Phosphorylation of Raptor Mediates a
Metabolic Checkpoint. Mol. Cel 30, 214–226. doi:10.1016/j.molcel.2008.
03.003

Hafner, A. V., Dai, J., Gomes, A. P., Xiao, C. Y., Palmeira, C. M., Rosenzweig, A.,
et al. (2010). Regulation of the mPTP by SIRT3-Mediated Deacetylation of
CypD at Lysine 166 Suppresses Age-Related Cardiac Hypertrophy. Aging
(Albany NY) 2, 914–923. doi:10.18632/aging.100252

Halabi, A., Sen, J., Huynh, Q., and Marwick, T. H. (2020). Metformin Treatment in
Heart Failure with Preserved Ejection Fraction: A Systematic Review andMeta-
Regression Analysis. Cardiovasc. Diabetol. 19, 124. doi:10.1186/s12933-020-
01100-w

Han, Y., Xie, H., Liu, Y., Gao, P., Yang, X., and Shen, Z. (2019). Effect of Metformin
on All-Cause and Cardiovascular Mortality in Patients with Coronary Artery
Diseases: A Systematic Review and an Updated Meta-Analysis. Cardiovasc.
Diabetol. 18, 96. doi:10.1186/s12933-019-0900-7

Hanna, R. A., Quinsay, M. N., Orogo, A. M., Giang, K., Rikka, S., and Gustafsson,
Å. B. (2012). Microtubule-associated Protein 1 Light Chain 3 (LC3) Interacts
with Bnip3 Protein to Selectively Remove Endoplasmic Reticulum and
Mitochondria via Autophagy. J. Biol. Chem. 287, 19094–19104. doi:10.1074/
jbc.M111.322933

Hansen, M., Rubinsztein, D. C., and Walker, D. W. (2018). Autophagy as a
Promoter of Longevity: Insights fromModel Organisms.Nat. Rev. Mol. Cel Biol
19, 579–593. doi:10.1038/s41580-018-0033-y

Hardie, D. G., and Carling, D. (1997). The AMP-Activated Protein Kinase-Ffuel
Gauge of the Mammalian cell?Fuel Gauge of the Mammalian Cell? Eur.
J. Biochem. 246, 259–273. doi:10.1111/j.1432-1033.1997.00259.x

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819019

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1161/ATVBAHA.113.301938
https://doi.org/10.1161/ATVBAHA.113.301938
https://doi.org/10.1038/s41440-019-0212-z
https://doi.org/10.1038/s41440-019-0212-z
https://doi.org/10.1016/j.trsl.2017.09.003
https://doi.org/10.1038/srep31925
https://doi.org/10.3389/fgene.2014.00076
https://doi.org/10.1016/j.exger.2010.09.010
https://doi.org/10.1016/j.exger.2010.09.010
https://doi.org/10.1016/j.cmet.2006.05.005
https://doi.org/10.1038/cr.2013.153
https://doi.org/10.1111/acel.12203
https://doi.org/10.1080/21655979.2021.1925008
https://doi.org/10.1080/21655979.2021.1925008
https://doi.org/10.1155/2014/345105
https://doi.org/10.1155/2014/345105
https://doi.org/10.1161/JAHA.119.015748
https://doi.org/10.1161/CIRCULATIONAHA.116.026099
https://doi.org/10.1161/CIRCULATIONAHA.116.026099
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1007/s12265-010-9174-x
https://doi.org/10.1161/CIRCRESAHA.115.306993
https://doi.org/10.3389/fphar.2018.00180
https://doi.org/10.1002/ibd.20395
https://doi.org/10.1161/01.res.0000020861.20064.7e
https://doi.org/10.1161/01.res.0000020861.20064.7e
https://doi.org/10.1016/j.molcel.2015.05.031
https://doi.org/10.1038/nm.4222
https://doi.org/10.1038/ncb1975
https://doi.org/10.1161/CIRCRESAHA.118.313530
https://doi.org/10.1161/CIRCRESAHA.118.313530
https://doi.org/10.1016/j.cardiores.2006.07.018
https://doi.org/10.1016/j.cardiores.2006.07.018
https://doi.org/10.1038/nrd.2017.22
https://doi.org/10.1038/nrd.2017.22
https://doi.org/10.3892/ijmm.2019.4407
https://doi.org/10.1186/s13024-020-00367-7
https://doi.org/10.1016/S0140-6736(19)31149-3
https://doi.org/10.1371/journal.pone.0009199
https://doi.org/10.1371/journal.pone.0009199
https://doi.org/10.3389/fphys.2016.00104
https://doi.org/10.3389/fphys.2016.00104
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.18632/aging.100252
https://doi.org/10.1186/s12933-020-01100-w
https://doi.org/10.1186/s12933-020-01100-w
https://doi.org/10.1186/s12933-019-0900-7
https://doi.org/10.1074/jbc.M111.322933
https://doi.org/10.1074/jbc.M111.322933
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1111/j.1432-1033.1997.00259.x
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey, K., et al.
(2009). Rapamycin Fed Late in Life Extends Lifespan in Genetically
Heterogeneous Mice. Nature 460, 392–395. doi:10.1038/nature08221

Henning, R. H., and Brundel, B. J. J. M. (2017). Proteostasis in Cardiac Health and
Disease. Nat. Rev. Cardiol. 14, 637–653. doi:10.1038/nrcardio.2017.89

Hillary, R. F., and Fitzgerald, U. (2018). A Lifetime of Stress: ATF6 in Development
and Homeostasis. J. Biomed. Sci. 25, 48. doi:10.1186/s12929-018-0453-1

Hipp, M. S., Kasturi, P., and Hartl, F. U. (2019). The Proteostasis Network and its
Decline in Ageing. Nat. Rev. Mol. Cel Biol 20, 421–435. doi:10.1038/s41580-
019-0101-y

Hoshino, A., Mita, Y., Okawa, Y., Ariyoshi, M., Iwai-Kanai, E., Ueyama, T., et al.
(2013). Cytosolic P53 Inhibits Parkin-Mediated Mitophagy and Promotes
Mitochondrial Dysfunction in the Mouse Heart. Nat. Commun. 4, 2308.
doi:10.1038/ncomms3308

Hosseinpour-Moghaddam, K., Caraglia, M., and Sahebkar, A. (2018). Autophagy
Induction by Trehalose: MolecularMechanisms and Therapeutic Impacts. J. Cel
Physiol 233, 6524–6543. doi:10.1002/jcp.26583

Houtkooper, R. H., Pirinen, E., and Auwerx, J. (2012). Sirtuins as Regulators of
Metabolism and Healthspan. Nat. Rev. Mol. Cel Biol 13, 225–238. doi:10.1038/
nrm3293

Hua, Y., Zhang, Y., Ceylan-Isik, A. F., Wold, L. E., Nunn, J. M., and Ren, J. (2011).
Chronic Akt Activation Accentuates Aging-Induced Cardiac Hypertrophy and
Myocardial Contractile Dysfunction: Role of Autophagy. Basic Res. Cardiol.
106, 1173–1191. doi:10.1007/s00395-011-0222-8

Hurley, J. H., and Young, L. N. (2017). Mechanisms of Autophagy Initiation. Annu.
Rev. Biochem. 86, 225–244. doi:10.1146/annurev-biochem-061516-044820

Ilavenil, S., Kim, D. H., Jeong, Y. I., Arasu, M. V., Vijayakumar, M., Prabhu, P. N.,
et al. (2015). Trigonelline Protects the Cardiocyte from Hydrogen Peroxide
Induced Apoptosis in H9c2 Cells. Asian Pac. J. Trop. Med. 8, 263–268. doi:10.
1016/S1995-7645(14)60328-X

Janczewski, A. M., and Lakatta, E. G. (2010). Modulation of Sarcoplasmic
Reticulum Ca(2+) Cycling in Systolic and Diastolic Heart Failure Associated
with Aging. Heart Fail. Rev. 15, 431–445. doi:10.1007/s10741-010-9167-5

Ji, Y., Zhao, Z., Cai, T., Yang, P., and Cheng, M. (2014). Liraglutide Alleviates
Diabetic Cardiomyopathy by Blocking CHOP-Triggered Apoptosis via the
Inhibition of the IRE-α Pathway. Mol. Med. Rep. 9, 1254–1258. doi:10.3892/
mmr.2014.1956

Jian, L., Lu, Y., Lu, S., and Lu, C. (2016). Chemical Chaperone 4-phenylbutyric Acid
Protects H9c2 Cardiomyocytes from Ischemia/reperfusion Injury by
Attenuating Endoplasmic Reticulum Stress-Induced Apoptosis. Mol. Med.
Rep. 13, 4386–4392. doi:10.3892/mmr.2016.5063

Jian, L., Lu, Y., Lu, S., and Lu, C. (2016). Chemical Chaperone 4-phenylbutyric Acid
Reduces Cardiac Ischemia/reperfusion Injury by Alleviating Endoplasmic
Reticulum Stress and Oxidative Stress. Med. Sci. Monit. 22, 5218–5227.
doi:10.12659/msm.898623

Jung, T. W., and Choi, K. M. (2016). Pharmacological Modulators of Endoplasmic
Reticulum Stress in Metabolic Diseases. Int. J. Mol. Sci. 17. doi:10.3390/
ijms17020192

Kanamori, H., Naruse, G., Yoshida, A., Minatoguchi, S.,Watanabe, T., Kawaguchi, T.,
et al. (2019). Metformin Enhances Autophagy and Provides Cardioprotection in
δ-Sarcoglycan Deficiency-Induced Dilated Cardiomyopathy. Circ. Heart Fail. 12,
e005418. doi:10.1161/CIRCHEARTFAILURE.118.005418

Karamanlidis, G., Lee, C. F., Garcia-Menendez, L., Kolwicz, S. C., Suthammarak,
W., Gong, G., et al. (2013). Mitochondrial Complex I Deficiency Increases
Protein Acetylation and Accelerates Heart Failure. Cel Metab 18, 239–250.
doi:10.1016/j.cmet.2013.07.002

Kazlauskaite, A., Kondapalli, C., Gourlay, R., Campbell, D. G., Ritorto, M. S., Hofmann,
K., et al. (2014). Parkin Is Activated by PINK1-dependent Phosphorylation of
Ubiquitin at Ser65. Biochem. J. 460, 127–139. doi:10.1042/BJ20140334

Kenyon, C. (2011). The First Long-Lived Mutants: Discovery of the insulin/IGF-1
Pathway for Ageing. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 9–16. doi:10.
1098/rstb.2010.0276

Khound, R., Santra, D., and Su, Q. (2018). Abstract 178: Bioactive Compounds in
Fenugreek Ameliorate ER Stress and VLDL Overproduction via the Mediation
of Insig Signaling. Arterioscler. Thromb. Vasc. Biol. 38. doi:10.1161/atvb.38.
suppl_1.178

Kim, D. H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-
Bromage, H., et al. (2002). mTOR Interacts with Raptor to Form a Nutrient-

Sensitive Complex that Signals to the Cell Growth Machinery. Cell 110,
163–175. doi:10.1016/s0092-8674(02)00808-5

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR Regulate
Autophagy through Direct Phosphorylation of Ulk1. Nat. Cel Biol. 13, 132–141.
doi:10.1038/ncb2152

Kim, J. J., Lee, H. M., Shin, D. M., Kim, W., Yuk, J. M., Jin, H. S., et al. (2012). Host
Cell Autophagy Activated by Antibiotics Is Required for Their Effective
Antimycobacterial Drug Action. Cell Host Microbe 11, 457–468. doi:10.
1016/j.chom.2012.03.008

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo
Arozena, A., et al. (2016). Guidelines for the Use and Interpretation of Assays
for Monitoring Autophagy (3rd Edition). Autophagy 12, 1100356. doi:10.1080/
15548627.2015.1100356

Kocaturk, N. M., and Gozuacik, D. (2018). Crosstalk between Mammalian
Autophagy and the Ubiquitin-Proteasome System. Front Cel Dev Biol 6,
128. doi:10.3389/fcell.2018.00128

Koga, H., Kaushik, S., and Cuervo, A. M. (2011). Protein Homeostasis and Aging:
The Importance of Exquisite Quality Control. Ageing Res. Rev. 10, 205–215.
doi:10.1016/j.arr.2010.02.001

Kosmala, W., Holland, D. J., Rojek, A., Wright, L., Przewlocka-Kosmala, M., and
Marwick, T. H. (2013). Effect of If-Channel Inhibition on Hemodynamic Status
and Exercise Tolerance in Heart Failure with Preserved Ejection Fraction: A
Randomized Trial. J. Am. Coll. Cardiol. 62, 1330–1338. doi:10.1016/j.jacc.2013.
06.043

Kubli, D. A., Quinsay, M. N., and Gustafsson, A. B. (2013). Parkin Deficiency
Results in Accumulation of Abnormal Mitochondria in Aging Myocytes.
Commun. Integr. Biol. 6, e24511. doi:10.4161/cib.24511

Lakatta, E. G., and Levy, D. (2003). Arterial and Cardiac Aging: Major Shareholders
in Cardiovascular Disease Enterprises: Part I: Aging Arteries: a "set up" for
Vascular Disease. Circulation 107, 139–146. doi:10.1161/01.cir.0000048892.
83521.58

Lakatta, E. G., and Levy, D. (2003). Arterial and Cardiac Aging: Major Shareholders
in Cardiovascular Disease Enterprises: Part II: The Aging Heart in Health: Links
to Heart Disease. Circulation 107, 346–354. doi:10.1161/01.cir.0000048893.
62841.f7

Lee, I. H., Cao, L., Mostoslavsky, R., Lombard, D. B., Liu, J., Bruns, N. E., et al.
(2008). A Role for the NAD-dependent Deacetylase Sirt1 in the Regulation of
Autophagy. Proc. Natl. Acad. Sci. U. S. A. 105, 3374. doi:10.1073/pnas.
0712145105

Lee, Y., Lee, H. Y., Hanna, R. A., and Gustafsson, Å. B. (2011). Mitochondrial
Autophagy by Bnip3 Involves Drp1-Mediated Mitochondrial Fission and
Recruitment of Parkin in Cardiac Myocytes. Am. J. Physiol. Heart Circ.
Physiol. 301, H1924–H1931. doi:10.1152/ajpheart.00368.2011

Leontieva, O. V., Paszkiewicz, G., Demidenko, Z. N., and Blagosklonny, M. V.
(2013). Resveratrol Potentiates Rapamycin to Prevent Hyperinsulinemia and
Obesity in Male Mice on High Fat Diet. Cell Death Dis 4, e472. doi:10.1038/
cddis.2012.202

Lexis, C. P., van der Horst-Schrivers, A. N., Lipsic, E., Valente, M. A., Muller
Kobold, A. C., de Boer, R. A., et al. (2015). The Effect of Metformin on
Cardiovascular Risk Profile in Patients without Diabetes Presenting with Acute
Myocardial Infarction: Data from the Glycometabolic Intervention as Adjunct
to Primary Coronary Intervention in ST Elevation Myocardial Infarction
(GIPS-III) Trial. BMJ Open Diabetes Res. Care 3, e000090. doi:10.1136/
bmjdrc-2015-000090

Li, H., Hastings, M. H., Rhee, J., Trager, L. E., Roh, J. D., and Rosenzweig, A. (2020).
Targeting Age-Related Pathways in Heart Failure. Circ. Res. 126, 533–551.
doi:10.1161/CIRCRESAHA.119.315889

Li, J., Zhang, D., Brundel, B. J. J. M., andWiersma, M. (2019). Imbalance of ER and
Mitochondria Interactions: Prelude to Cardiac Ageing and Disease? Cells 8.
doi:10.3390/cells8121617

Li, R., Wang, X., Wu, S., Wu, Y., Chen, H., Xin, J., et al. (2019). Irisin Ameliorates
Angiotensin II-Induced Cardiomyocyte Apoptosis through Autophagy. J. Cel.
Physiol. 234, 17578–17588. doi:10.1002/jcp.28382

Li, R. J., He, K. L., Li, X., Wang, L. L., Liu, C. L., and He, Y. Y. (2015). Salubrinal
Protects Cardiomyocytes against Apoptosis in a Rat Myocardial Infarction
Model via Suppressing the Dephosphorylation of Eukaryotic Translation
Initiation Factor 2α. Mol. Med. Rep. 12, 1043–1049. doi:10.3892/mmr.2015.
3508

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819020

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1038/nature08221
https://doi.org/10.1038/nrcardio.2017.89
https://doi.org/10.1186/s12929-018-0453-1
https://doi.org/10.1038/s41580-019-0101-y
https://doi.org/10.1038/s41580-019-0101-y
https://doi.org/10.1038/ncomms3308
https://doi.org/10.1002/jcp.26583
https://doi.org/10.1038/nrm3293
https://doi.org/10.1038/nrm3293
https://doi.org/10.1007/s00395-011-0222-8
https://doi.org/10.1146/annurev-biochem-061516-044820
https://doi.org/10.1016/S1995-7645(14)60328-X
https://doi.org/10.1016/S1995-7645(14)60328-X
https://doi.org/10.1007/s10741-010-9167-5
https://doi.org/10.3892/mmr.2014.1956
https://doi.org/10.3892/mmr.2014.1956
https://doi.org/10.3892/mmr.2016.5063
https://doi.org/10.12659/msm.898623
https://doi.org/10.3390/ijms17020192
https://doi.org/10.3390/ijms17020192
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005418
https://doi.org/10.1016/j.cmet.2013.07.002
https://doi.org/10.1042/BJ20140334
https://doi.org/10.1098/rstb.2010.0276
https://doi.org/10.1098/rstb.2010.0276
https://doi.org/10.1161/atvb.38.suppl_1.178
https://doi.org/10.1161/atvb.38.suppl_1.178
https://doi.org/10.1016/s0092-8674(02)00808-5
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/j.chom.2012.03.008
https://doi.org/10.1016/j.chom.2012.03.008
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.3389/fcell.2018.00128
https://doi.org/10.1016/j.arr.2010.02.001
https://doi.org/10.1016/j.jacc.2013.06.043
https://doi.org/10.1016/j.jacc.2013.06.043
https://doi.org/10.4161/cib.24511
https://doi.org/10.1161/01.cir.0000048892.83521.58
https://doi.org/10.1161/01.cir.0000048892.83521.58
https://doi.org/10.1161/01.cir.0000048893.62841.f7
https://doi.org/10.1161/01.cir.0000048893.62841.f7
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1152/ajpheart.00368.2011
https://doi.org/10.1038/cddis.2012.202
https://doi.org/10.1038/cddis.2012.202
https://doi.org/10.1136/bmjdrc-2015-000090
https://doi.org/10.1136/bmjdrc-2015-000090
https://doi.org/10.1161/CIRCRESAHA.119.315889
https://doi.org/10.3390/cells8121617
https://doi.org/10.1002/jcp.28382
https://doi.org/10.3892/mmr.2015.3508
https://doi.org/10.3892/mmr.2015.3508
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Li, R. L., Wu, S. S., Wu, Y., Wang, X. X., Chen, H. Y., Xin, J. J., et al. (2018). Irisin
Alleviates Pressure Overload-Induced Cardiac Hypertrophy by Inducing
Protective Autophagy via mTOR-independent Activation of the AMPK-
ULK1 Pathway. J. Mol. Cel. Cardiol. 121, 242–255. doi:10.1016/j.yjmcc.2018.
07.250

Li, S., Liu, C., Gu, L., Wang, L., Shang, Y., Liu, Q., et al. (2016). Autophagy Protects
Cardiomyocytes from the Myocardial Ischaemia-Reperfusion Injury through
the Clearance of CLP36. Open Biol. 6. doi:10.1098/rsob.160177

Li, X. (2021). Direct Cardiac Actions of the Sodium Glucose Co-transporter 2
Inhibitor Empagliflozin Improve Myocardial Oxidative Phosphorylation and
Attenuate Pressureoverload Heart Failure. J. Am. Heart Assoc. 10. doi:10.1161/
jaha.120.018298

Liang, W. J., and Gustafsson, Å. B. (2020). The Aging Heart: Mitophagy at the
Center of Rejuvenation. Front. Cardiovasc. Med. 7, 18. doi:10.3389/fcvm.2020.
00018

Liao, Y., Chen, K., Dong, X., Li, W., Li, G., Huang, G., et al. (2018). Berberine
Inhibits Cardiac Remodeling of Heart Failure after Myocardial Infarction by
Reducing Myocardial Cell Apoptosis in Rats. Exp. Ther. Med. 16, 2499–2505.
doi:10.3892/etm.2018.6438

Lin, C. W., Zhang, H., Li, M., Xiong, X., Chen, X., Chen, X., et al. (2013).
Pharmacological Promotion of Autophagy Alleviates Steatosis and Injury in
Alcoholic and Non-alcoholic Fatty Liver Conditions in Mice. J. Hepatol. 58,
993–999. doi:10.1016/j.jhep.2013.01.011

Lindholm, D., Korhonen, L., Eriksson, O., and Kõks, S. (2017). Recent Insights into
the Role of Unfolded Protein Response in ER Stress in Health and Disease.
Front. Cel Dev Biol 5, 48. doi:10.3389/fcell.2017.00048

Liu, L., Sakakibara, K., Chen, Q., and Okamoto, K. (2014). Receptor-mediated
Mitophagy in Yeast andMammalian Systems. Cel Res 24, 787–795. doi:10.1038/
cr.2014.75

Liu, X. Y., Liao, H. H., Feng, H., Zhang, N., Yang, J. J., Li, W. J., et al. (2018).
Icariside II Attenuates Cardiac Remodeling via AMPKα2/mTORC1 In vivo and
In vitro. J. Pharmacol. Sci. 138, 38–45. doi:10.1016/j.jphs.2018.08.010

Liu, Y., and Connor, J. R. (2015). FromAdaption to Death: Endoplasmic Reticulum
Stress as a Novel Target of Selective Neurodegeneration? Neural Regen. Res. 10,
1397–1398. doi:10.4103/1673-5374.165227

Liu, Z., Gao, Z., Zeng, L., Liang, Z., Zheng, D., and Wu, X. (2021). Nobiletin
Ameliorates Cardiac Impairment and Alleviates Cardiac Remodeling after
Acute Myocardial Infarction in Rats via JNK Regulation. Pharmacol. Res.
Perspect. 9, e00728. doi:10.1002/prp2.728

Liu, Z., Lv, Y., Zhao, N., Guan, G., and Wang, J. (2015). Protein Kinase R-like ER
Kinase and its Role in Endoplasmic Reticulum Stress-Decided Cell Fate. Cel
Death Dis 6, e1822. doi:10.1038/cddis.2015.183

Lu, L., Ma, J., Tang, J., Liu, Y., Zheng, Q., Chen, S., et al. (2020). Irisin Attenuates
Myocardial Ischemia/reperfusion-Induced Cardiac Dysfunction by Regulating
ER-Mitochondria Interaction through a Mitochondrial Ubiquitin Ligase-
dependent Mechanism. Clin. Transl. Med. 10, e166. doi:10.1002/ctm2.166

Luo, T., Chen, B., and Wang, X. (2015). 4-PBA Prevents Pressure Overload-
Induced Myocardial Hypertrophy and Interstitial Fibrosis by Attenuating
Endoplasmic Reticulum Stress. Chem. Biol. Interact. 242, 99–106. doi:10.
1016/j.cbi.2015.09.025

Ma, L., Zhu, J., Gao, Q., Rebecchi, M. J., Wang, Q., and Liu, L. (2017). Restoring
Pharmacologic Preconditioning in the Aging Heart: Role of Mitophagy/
autophagy. Journals Gerontol. - Ser. A. Biol. Sci. Med. Sci. 72, 489. doi:10.
1093/gerona/glw168

Maagaard, M., Nielsen, E. E., Gluud, C., and Jakobsen, J. C. (2019). Ivabradine for
Coronary Artery Disease And/or Heart Failure-A Protocol for a Systematic
Review of Randomised Clinical Trials with Meta-Analysis and Trial Sequential
Analysis. Syst. Rev. 8, 39. doi:10.1186/s13643-019-0957-0

Mailleux, F., Gélinas, R., Beauloye, C., Horman, S., and Bertrand, L. (2016).
O-GlcNAcylation, Enemy or Ally during Cardiac Hypertrophy
Development? Biochim. Biophys. Acta 1862, 2232–2243. doi:10.1016/j.bbadis.
2016.08.012

Margariti, A., Li, H., Chen, T., Martin, D., Vizcay-Barrena, G., Alam, S., et al.
(2013). XBP1 mRNA Splicing Triggers an Autophagic Response in Endothelial
Cells through BECLIN-1 Transcriptional Activation. J. Biol. Chem. 288,
859–872. doi:10.1074/jbc.M112.412783

Marshall, S. A., O’Sullivan, K., Ng, H. H., Bathgate, R. A. D., Parry, L. J., Hossain,
M. A., et al. (2017). B7-33 Replicates the Vasoprotective Functions of Human

Relaxin-2 (Serelaxin). Eur. J. Pharmacol. 807, 190–197. doi:10.1016/j.ejphar.
2017.05.005

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H., Mote, P. L.,
Scheibye-Knudsen, M., et al. (2013). Metformin Improves Healthspan and
Lifespan in Mice. Nat. Commun. 4, 2192. doi:10.1038/ncomms3192

McMurray, J. J. V., DeMets, D. L., Inzucchi, S. E., Køber, L., Kosiborod, M. N.,
Langkilde, A. M., et al. (2019). The Dapagliflozin and Prevention of Adverse-
Outcomes in Heart Failure (DAPA-HF) Trial: Baseline Characteristics. Eur.
J. Heart Fail. 21, 1402–1411. doi:10.1002/ejhf.1548

Mehmel, M., Jovanović, N., and Spitz, U. (2020). Nicotinamide Riboside-The
Current State of Research and Therapeutic Uses. Nutrients 12. doi:10.3390/
nu12061616

Melser, S., Chatelain, E. H., Lavie, J., Mahfouf, W., Jose, C., Obre, E., et al. (2013).
Rheb Regulates Mitophagy Induced by Mitochondrial Energetic Status. Cel
Metab 17, 719–730. doi:10.1016/j.cmet.2013.03.014

Meschiari, C. A., Ero, O. K., Pan, H., Finkel, T., and Lindsey, M. L. (2017). The
Impact of Aging on Cardiac Extracellular Matrix. GeroScience 39, 7–18. doi:10.
1007/s11357-017-9959-9

Miller, R. A., Harrison, D. E., Astle, C. M., Baur, J. A., Boyd, A. R., de Cabo, R., et al.
(2011). Rapamycin, but Not Resveratrol or Simvastatin, Extends Life Span of
Genetically Heterogeneous Mice. J. Gerontol. A. Biol. Sci. Med. Sci. 66, 191–201.
doi:10.1093/gerona/glq178

Milman, S., Atzmon, G., Huffman, D. M., Wan, J., Crandall, J. P., Cohen, P.,
et al. (2014). Low Insulin-like Growth Factor-1 Level Predicts Survival in
Humans with Exceptional Longevity. Aging Cell 13, 769–771. doi:10.1111/
acel.12213

Milman, S., Huffman, D. M., and Barzilai, N. (2016). The Somatotropic Axis in
Human Aging: Framework for the Current State of Knowledge and Future
Research. Cel Metab 23, 980–989. doi:10.1016/j.cmet.2016.05.014

Miyamoto, S., Murphy, A. N., and Brown, J. H. (2008). Akt Mediates
Mitochondrial protection in Cardiomyocytes through Phosphorylation of
Mitochondrial Hexokinase-II. Cell Death Differ 15, 521–529. doi:10.1038/sj.
cdd.4402285

Morciano, G., Patergnani, S., Bonora, M., Pedriali, G., Tarocco, A., Bouhamida, E.,
et al. (2020). Mitophagy in Cardiovascular Diseases. J. Clin. Med. 9. doi:10.3390/
jcm9030892

Nah, J., Zhai, P., Huang, C. Y., Fernández, Á. F., Mareedu, S., Levine, B., et al.
(2020). Upregulation of Rubicon Promotes Autosis during Myocardial
Ischemia/reperfusion Injury. J. Clin. Invest. 130, 2978–2991. doi:10.1172/
JCI132366

Neal, B., Perkovic, V., and Matthews, D. R. (2017). Canagliflozin and
Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. J. Med. 377,
2099. doi:10.1056/NEJMc1712572

Ni, L., Zhou, C., Duan, Q., Lv, J., Fu, X., Xia, Y., et al. (2011). β-AR Blockers
Suppresses ER Stress in Cardiac Hypertrophy and Heart Failure. PLoS One 6,
e27294. doi:10.1371/journal.pone.0027294

Nilsson, P. M., Khalili, P., and Franklin, S. S. (2014). Blood Pressure and Pulse
Wave Velocity as Metrics for Evaluating Pathologic Ageing of the
Cardiovascular System. Blood Press. 23, 17–30. doi:10.3109/08037051.2013.
796142

Nishida, Y., Arakawa, S., Fujitani, K., Yamaguchi, H., Mizuta, T., Kanaseki, T., et al.
(2009). Discovery of Atg5/Atg7-independent Alternative Macroautophagy.
Nature 461, 654–658. doi:10.1038/nature08455

Niso-Santano, M., Malik, S. A., Pietrocola, F., Bravo-San Pedro, J. M., Mariño, G.,
and Cianfanelli, V. (2015). Unsaturated Fatty Acids Induce Non-canonical
Autophagy. EMBO J. 34, 1025. doi:10.15252/embj.201489363

North, B. J., and Sinclair, D. A. (2012). The Intersection between Aging and
Cardiovascular Disease. Circ. Res. 110, 1097–1108. doi:10.1161/CIRCRESAHA.
111.246876

Novak, I., Kirkin, V., McEwan, D. G., Zhang, J., Wild, P., Rozenknop, A., et al.
(2010). Nix Is a Selective Autophagy Receptor for Mitochondrial Clearance.
EMBO Rep. 11, 45–51. doi:10.1038/embor.2009.256

Ock, S., Lee, W. S., Ahn, J., Kim, H. M., Kang, H., Kim, H. S., et al. (2016). Deletion
of IGF-1 Receptors in Cardiomyocytes Attenuates Cardiac Aging in Male Mice.
Endocrinology 157, 336–345. doi:10.1210/en.2015-1709

Ozcan, L., and Tabas, I. (2012). Role of Endoplasmic Reticulum Stress in Metabolic
Disease and Other Disorders. Annu. Rev. Med. 63, 317–328. doi:10.1146/
annurev-med-043010-144749

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819021

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1016/j.yjmcc.2018.07.250
https://doi.org/10.1016/j.yjmcc.2018.07.250
https://doi.org/10.1098/rsob.160177
https://doi.org/10.1161/jaha.120.018298
https://doi.org/10.1161/jaha.120.018298
https://doi.org/10.3389/fcvm.2020.00018
https://doi.org/10.3389/fcvm.2020.00018
https://doi.org/10.3892/etm.2018.6438
https://doi.org/10.1016/j.jhep.2013.01.011
https://doi.org/10.3389/fcell.2017.00048
https://doi.org/10.1038/cr.2014.75
https://doi.org/10.1038/cr.2014.75
https://doi.org/10.1016/j.jphs.2018.08.010
https://doi.org/10.4103/1673-5374.165227
https://doi.org/10.1002/prp2.728
https://doi.org/10.1038/cddis.2015.183
https://doi.org/10.1002/ctm2.166
https://doi.org/10.1016/j.cbi.2015.09.025
https://doi.org/10.1016/j.cbi.2015.09.025
https://doi.org/10.1093/gerona/glw168
https://doi.org/10.1093/gerona/glw168
https://doi.org/10.1186/s13643-019-0957-0
https://doi.org/10.1016/j.bbadis.2016.08.012
https://doi.org/10.1016/j.bbadis.2016.08.012
https://doi.org/10.1074/jbc.M112.412783
https://doi.org/10.1016/j.ejphar.2017.05.005
https://doi.org/10.1016/j.ejphar.2017.05.005
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1002/ejhf.1548
https://doi.org/10.3390/nu12061616
https://doi.org/10.3390/nu12061616
https://doi.org/10.1016/j.cmet.2013.03.014
https://doi.org/10.1007/s11357-017-9959-9
https://doi.org/10.1007/s11357-017-9959-9
https://doi.org/10.1093/gerona/glq178
https://doi.org/10.1111/acel.12213
https://doi.org/10.1111/acel.12213
https://doi.org/10.1016/j.cmet.2016.05.014
https://doi.org/10.1038/sj.cdd.4402285
https://doi.org/10.1038/sj.cdd.4402285
https://doi.org/10.3390/jcm9030892
https://doi.org/10.3390/jcm9030892
https://doi.org/10.1172/JCI132366
https://doi.org/10.1172/JCI132366
https://doi.org/10.1056/NEJMc1712572
https://doi.org/10.1371/journal.pone.0027294
https://doi.org/10.3109/08037051.2013.796142
https://doi.org/10.3109/08037051.2013.796142
https://doi.org/10.1038/nature08455
https://doi.org/10.15252/embj.201489363
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1210/en.2015-1709
https://doi.org/10.1146/annurev-med-043010-144749
https://doi.org/10.1146/annurev-med-043010-144749
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Packer, M. (2020). Autophagy Stimulation and Intracellular Sodium Reduction as
Mediators of the Cardioprotective Effect of Sodium-Glucose Cotransporter 2
Inhibitors. Eur. J. Heart Fail. 22, 618–628. doi:10.1002/ejhf.1732

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

Park, S. H. (2018). Upregulation of Sodium-Glucose Cotransporter 2 (SGLT2)
Expression in Cultured Senescent Endothelial Cells and in Arterial Sites at Risk
In Vivo in Rats. Arch. Cardiovasc. Dis. Suppl. 10. doi:10.1016/j.acvdsp.2018.
02.104

Passtoors, W. M., Beekman, M., Deelen, J., van der Breggen, R., Maier, A. B.,
Guigas, B., et al. (2013). Gene Expression Analysis of mTOR Pathway:
Association with Human Longevity. Aging Cell 12, 24–31. doi:10.1111/acel.
12015

Pyo, J. O., Yoo, S. M., Ahn, H. H., Nah, J., Hong, S. H., Kam, T. I., et al. (2013).
Overexpression of Atg5 in Mice Activates Autophagy and Extends Lifespan.
Nat. Commun. 4, 2300. doi:10.1038/ncomms3300

Quentin, T., Steinmetz, M., Poppe, A., and Thoms, S. (2012). Metformin
Differentially Activates ER Stress Signaling Pathways without Inducing
Apoptosis. Dis. Model. Mech. 5, 259–269. doi:10.1242/dmm.008110

Radwan, E., Bakr, M. H., Taha, S., Sayed, S. A., Farrag, A. A., and Ali, M. (2020).
Inhibition of Endoplasmic Reticulum Stress Ameliorates Cardiovascular Injury
in a Rat Model of Metabolic Syndrome. J. Mol. Cel. Cardiol. 143, 15–25. doi:10.
1016/j.yjmcc.2020.04.020

Rahman, M. A., Cho, Y., Hwang, H., and Rhim, H. (2020). Pharmacological
Inhibition of O-GlcNAc Transferase Promotes Mtor-dependent Autophagy in
Rat Cortical Neurons. Brain Sci. 10. doi:10.3390/brainsci10120958

Rani, S., Sreenivasaiah, P. K., Cho, C., and Kim, D. H. (2017). Salubrinal Alleviates
Pressure Overload-Induced Cardiac Hypertrophy by Inhibiting Endoplasmic
Reticulum Stress Pathway. Mol. Cell 40, 66–72. doi:10.14348/molcells.2017.
2259

Rani, S., Sreenivasaiah, P. K., Kim, J. O., Lee, M. Y., Kang, W. S., Kim, Y. S., et al.
(2017). Tauroursodeoxycholic Acid (TUDCA) Attenuates Pressure Overload-
Induced Cardiac Remodeling by Reducing Endoplasmic Reticulum Stress. PLoS
One 12, e0176071. doi:10.1371/journal.pone.0176071

Rellmann, Y., Gronau, I., Hansen, U., Dreier, R., and Cascella, R. (2019). 4-
Phenylbutyric Acid Reduces Endoplasmic Reticulum Stress in Chondrocytes
that Is Caused by Loss of the Protein Disulfide Isomerase ERp57. Oxid. Med.
Cel. Longev. 2019, 6404035. doi:10.1155/2019/6404035

Ren, H., Zhai, W., Lu, X., and Wang, G. (2021). The Cross-Links of Endoplasmic
Reticulum Stress, Autophagy, and Neurodegeneration in Parkinson’s Disease.
Front. Aging Neurosci. 13, 691881. doi:10.3389/fnagi.2021.691881

Ren, J., Bi, Y., Sowers, J. R., Hetz, C., and Zhang, Y. (2021). Endoplasmic Reticulum
Stress and Unfolded Protein Response in Cardiovascular Diseases. Nat. Rev.
Cardiol. 18, 499–521. doi:10.1038/s41569-021-00511-w

Rodríguez-Navarro, J. A., Rodríguez, L., Casarejos, M. J., Solano, R. M., Gómez, A.,
Perucho, J., et al. (2010). Trehalose Ameliorates Dopaminergic and Tau
Pathology in Parkin Deleted/tau Overexpressing Mice through Autophagy
Activation. Neurobiol. Dis. 39, 423. doi:10.1016/j.nbd.2010.05.014

Sala-Mercado, J. A., Wider, J., Undyala, V. V., Jahania, S., Yoo, W., Mentzer, R. M.,
et al. (2010). Profound Cardioprotection with Chloramphenicol Succinate in
the Swine Model of Myocardial Ischemia-Reperfusion Injury. Circulation 122,
S179–S184. doi:10.1161/CIRCULATIONAHA.109.928242

Samura, M., Morikage, N., Suehiro, K., Tanaka, Y., Nakamura, T., Nishimoto, A.,
et al. (2016). Combinatorial Treatment with Apelin-13 Enhances the
Therapeutic Efficacy of a Preconditioned Cell-Based Therapy for Peripheral
Ischemia. Sci. Rep. 6, 19379. doi:10.1038/srep19379

Sarkar, S., Krishna, G., Imarisio, S., Saiki, S., O’Kane, C. J., and Rubinsztein, D. C.
(2008). A Rational Mechanism for Combination Treatment of Huntington’s
Disease Using Lithium and Rapamycin. Hum. Mol. Genet. 17, 170–178. doi:10.
1093/hmg/ddm294

Savi, M., Bocchi, L., Mena, P., Dall’Asta, M., Crozier, A., Brighenti, F., et al. (2017).
In Vivo administration of Urolithin A and B Prevents the Occurrence of
Cardiac Dysfunction in Streptozotocin-Induced Diabetic Rats. Cardiovasc.
Diabetol. 16, 80. doi:10.1186/s12933-017-0561-3

Sawabe, M. (2010). Vascular Aging: From Molecular Mechanism to Clinical
Significance. Geriatr. Gerontol. Int. 10 (Suppl. 1), S213–S220. doi:10.1111/j.
1447-0594.2010.00603.x

Sayour, A. A., Korkmaz-Icöz, S., Loganathan, S., Ruppert, M., Sayour, V. N., Oláh,
A., et al. (2019). Acute Canagliflozin Treatment Protects against In Vivo
Myocardial Ischemia-Reperfusion Injury in Non-diabetic Male Rats and
Enhances Endothelium-dependent Vasorelaxation. J. Transl. Med. 17, 127.
doi:10.1186/s12967-019-1881-8

Schiattarella, G. G., and Hill, J. A. (2016). Therapeutic Targeting of Autophagy in
Cardiovascular Disease. J. Mol. Cel Cardiol 95, 86–93. doi:10.1016/j.yjmcc.2015.
11.019

Sciarretta, S., Yee, D., Nagarajan, N., Bianchi, F., Saito, T., Valenti, V., et al. (2018).
Trehalose-Induced Activation of Autophagy Improves Cardiac Remodeling
after Myocardial Infarction. J. Am. Coll. Cardiol. 71, 1999–2010. doi:10.1016/j.
jacc.2018.02.066

Shao, A., Wang, Z., Wu, H., Dong, X., Li, Y., Tu, S., et al. (2016). Enhancement of
Autophagy by Histone Deacetylase Inhibitor Trichostatin A Ameliorates
Neuronal Apoptosis after Subarachnoid Hemorrhage in Rats. Mol.
Neurobiol. 53, 18–27. doi:10.1007/s12035-014-8986-0

Shiojima, I., and Walsh, K. (2006). Regulation of Cardiac Growth and Coronary
Angiogenesis by the Akt/PKB Signaling Pathway. Genes Dev. 20, 3347–3365.
doi:10.1101/gad.1492806

Shirakabe, A., Ikeda, Y., Sciarretta, S., Zablocki, D. K., and Sadoshima, J. (2016).
Aging and Autophagy in the Heart. Circ. Res. 118, 1563–1576. doi:10.1161/
CIRCRESAHA.116.307474

Shirakabe, A., Zhai, P., Ikeda, Y., Saito, T., Maejima, Y., Hsu, C. P., et al. (2016).
Drp1-dependent Mitochondrial Autophagy Plays a Protective Role against
Pressure Overload-Induced Mitochondrial Dysfunction and Heart Failure.
Circulation 133, 1249–1263. doi:10.1161/CIRCULATIONAHA.115.020502

Shoji-Kawata, S., Sumpter, R., Leveno, M., Campbell, G. R., Zou, Z., Kinch, L., et al.
(2013). Identification of a Candidate Therapeutic Autophagy-Inducing Peptide.
Nature 494, 201–206. doi:10.1038/nature11866

Slámová, K., Papoušek, F., Janovská, P., KopeckỲ, J., and Kolář, F. (2016). Adverse
Effects of AMP-Activated Protein Kinase α2-subunit Deletion and High-Fat
Diet on Heart Function and Ischemic Tolerance in Aged Female Mice. Physiol.
Res. 65.

Šnorek, M. (2012). Short-term Fasting Reduces the Extent of Myocardial Infarction
and Incidence of Reperfusion Arrhythmias in Rats. Physiol. Res. 61.

Song, X. J., Yang, C. Y., Liu, B., Wei, Q., Korkor, M. T., Liu, J. Y., et al. (2011).
Atorvastatin Inhibits Myocardial Cell Apoptosis in a Rat Model with post-
myocardial Infarction Heart Failure by Downregulating ER Stress Response.
Int. J. Med. Sci. 8, 564–572. doi:10.7150/ijms.8.564

Song, Y. M., Lee, Y. H., Kim, J. W., Ham, D. S., Kang, E. S., Cha, B. S., et al. (2015).
Metformin Alleviates Hepatosteatosis by Restoring SIRT1-Mediated
Autophagy Induction via an AMP-Activated Protein Kinase-independent
Pathway. Autophagy 11, 46–59. doi:10.4161/15548627.2014.984271

Spilman, P., Podlutskaya, N., Hart, M. J., Debnath, J., Gorostiza, O., Bredesen, D.,
et al. (2010). Inhibition of mTOR by Rapamycin Abolishes Cognitive Deficits
and Reduces Amyloid-Beta Levels in a Mouse Model of Alzheimer’s Disease.
PLoS One 5, e9979. doi:10.1371/journal.pone.0009979

Strait, J. B., and Lakatta, E. G. (2012). Aging-Associated Cardiovascular Changes
and Their Relationship to Heart Failure. Heart Fail. Clin. 8, 143–164. doi:10.
1016/j.hfc.2011.08.011

Su, T., Li, X., Yang, M., Shao, Q., Zhao, Y., Ma, C., et al. (2020). Autophagy: An
Intracellular Degradation Pathway Regulating Plant Survival and Stress
Response. Front. Plant Sci. 11, 164. doi:10.3389/fpls.2020.00164

Sugahara, S., Kume, S., Chin-Kanasaki, M., Tomita, I., Yasuda-Yamahara, M.,
Yamahara, K., et al. (2019). Protein O-GlcNAcylation Is Essential for the
Maintenance of Renal Energy Homeostasis and Function via Lipolysis during
Fasting and Diabetes. J. Am. Soc. Nephrol. 30, 962–978. doi:10.1681/ASN.
2018090950

Sukumaran, V., Watanabe, K., Veeraveedu, P. T., Gurusamy, N., Ma, M.,
Thandavarayan, R. A., et al. (2011). Olmesartan, an AT1 Antagonist,
Attenuates Oxidative Stress, Endoplasmic Reticulum Stress and Cardiac
Inflammatory Mediators in Rats with Heart Failure Induced by
Experimental Autoimmune Myocarditis. Int. J. Biol. Sci. 7, 154–167. doi:10.
7150/ijbs.7.154

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819022

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1002/ejhf.1732
https://doi.org/10.1016/j.bbrc.2012.04.048
https://doi.org/10.1016/j.bbrc.2012.04.048
https://doi.org/10.1016/j.acvdsp.2018.02.104
https://doi.org/10.1016/j.acvdsp.2018.02.104
https://doi.org/10.1111/acel.12015
https://doi.org/10.1111/acel.12015
https://doi.org/10.1038/ncomms3300
https://doi.org/10.1242/dmm.008110
https://doi.org/10.1016/j.yjmcc.2020.04.020
https://doi.org/10.1016/j.yjmcc.2020.04.020
https://doi.org/10.3390/brainsci10120958
https://doi.org/10.14348/molcells.2017.2259
https://doi.org/10.14348/molcells.2017.2259
https://doi.org/10.1371/journal.pone.0176071
https://doi.org/10.1155/2019/6404035
https://doi.org/10.3389/fnagi.2021.691881
https://doi.org/10.1038/s41569-021-00511-w
https://doi.org/10.1016/j.nbd.2010.05.014
https://doi.org/10.1161/CIRCULATIONAHA.109.928242
https://doi.org/10.1038/srep19379
https://doi.org/10.1093/hmg/ddm294
https://doi.org/10.1093/hmg/ddm294
https://doi.org/10.1186/s12933-017-0561-3
https://doi.org/10.1111/j.1447-0594.2010.00603.x
https://doi.org/10.1111/j.1447-0594.2010.00603.x
https://doi.org/10.1186/s12967-019-1881-8
https://doi.org/10.1016/j.yjmcc.2015.11.019
https://doi.org/10.1016/j.yjmcc.2015.11.019
https://doi.org/10.1016/j.jacc.2018.02.066
https://doi.org/10.1016/j.jacc.2018.02.066
https://doi.org/10.1007/s12035-014-8986-0
https://doi.org/10.1101/gad.1492806
https://doi.org/10.1161/CIRCRESAHA.116.307474
https://doi.org/10.1161/CIRCRESAHA.116.307474
https://doi.org/10.1161/CIRCULATIONAHA.115.020502
https://doi.org/10.1038/nature11866
https://doi.org/10.7150/ijms.8.564
https://doi.org/10.4161/15548627.2014.984271
https://doi.org/10.1371/journal.pone.0009979
https://doi.org/10.1016/j.hfc.2011.08.011
https://doi.org/10.1016/j.hfc.2011.08.011
https://doi.org/10.3389/fpls.2020.00164
https://doi.org/10.1681/ASN.2018090950
https://doi.org/10.1681/ASN.2018090950
https://doi.org/10.7150/ijbs.7.154
https://doi.org/10.7150/ijbs.7.154
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Sumpter, R., Sirasanagandla, S., Fernández, Á. F., Wei, Y., Dong, X., Franco, L.,
et al. (2016). Fanconi Anemia Proteins Function in Mitophagy and Immunity.
Cell 165, 867–881. doi:10.1016/j.cell.2016.04.006

Sun, L., Zhang, S., Yu, C., Pan, Z., Liu, Y., Zhao, J., et al. (2015). Hydrogen Sulfide
Reduces Serum Triglyceride by Activating Liver Autophagy via the AMPK-
mTOR Pathway. Am. J. Physiol. Endocrinol. Metab. 309, E925–E935. doi:10.
1152/ajpendo.00294.2015

Sundaresan, N. R., Vasudevan, P., Zhong, L., Kim, G., Samant, S., Parekh, V., et al.
(2012). The Sirtuin SIRT6 Blocks IGF-Akt Signaling and Development of
Cardiac Hypertrophy by Targeting C-Jun. Nat. Med. 18, 1643–1650. doi:10.
1038/nm.2961

Swift, M. E., Kleinman, H. K., and DiPietro, L. A. (1999). Impaired Wound Repair
and Delayed Angiogenesis in Aged Mice. Lab. Invest. 79, 1479–1487.

Tan, S., andWong, E. (2017). Mitophagy Transcriptome: Mechanistic Insights into
Polyphenol-Mediated Mitophagy.Oxid Med. Cel Longev 2017, 9028435. doi:10.
1155/2017/9028435

Taneike, M., Yamaguchi, O., Nakai, A., Hikoso, S., Takeda, T., Mizote, I., et al.
(2010). Inhibition of Autophagy in the Heart Induces Age-Related
Cardiomyopathy. Autophagy 6, 600–606. doi:10.4161/auto.6.5.11947

Tharaheswari, M., Jayachandra Reddy, N., Kumar, R., Varshney, K. C., Kannan,
M., and Sudha Rani, S. (2014). Trigonelline and Diosgenin Attenuate ER Stress,
Oxidative Stress-Mediated Damage in Pancreas and Enhance Adipose Tissue
PPARγ Activity in Type 2 Diabetic Rats. Mol. Cel. Biochem. 396, 161–174.
doi:10.1007/s11010-014-2152-x

Tong, D., and Hill, J. A. (2017). Spermidine Promotes Cardioprotective Autophagy.
Circ. Res. 120, 1229–1231. doi:10.1161/CIRCRESAHA.117.310603

Trang, N. N., Chung, C. C., Lee, T. W., Cheng, W. L., Kao, Y. H., Huang, S. Y., et al.
(2021). Empagliflozin and Liraglutide Differentially Modulate Cardiac
Metabolism in Diabetic Cardiomyopathy in Rats. Int. J. Mol. Sci. 22. doi:10.
3390/ijms22031177

Tse, S., and Mazzola, N. (2015). Ivabradine (Corlanor) for Heart Failure: The First
Selective and Specific I F Inhibitor. P T 40, 810–814.

Turdi, S., Fan, X., Li, J., Zhao, J., Huff, A. F., Du, M., et al. (2010). AMP-activated
Protein Kinase Deficiency Exacerbates Aging-Induced Myocardial
Contractile Dysfunction. Aging Cell 9, 592–606. doi:10.1111/j.1474-9726.
2010.00586.x

Vainshtein, A., Tryon, L. D., Pauly, M., and Hood, D. A. (2015). Role of PGC-1α
during Acute Exercise-Induced Autophagy and Mitophagy in Skeletal Muscle.
Am. J. Physiol. Cel Physiol 308, C710–C719. doi:10.1152/ajpcell.00380.2014

Verdin, E. (2015). NAD⁺ in Aging, Metabolism, and Neurodegeneration. Science
350, 1208–1213. doi:10.1126/science.aac4854

Verfaillie, T., Salazar, M., Velasco, G., and Agostinis, P. (2010). Linking ER Stress to
Autophagy: Potential Implications for Cancer Therapy. Int. J. Cel Biol. 2010,
1–19. doi:10.1155/2010/930509

Voges, D., Zwickl, P., and Baumeister, W. (1999). The 26S Proteasome: A
Molecular Machine Designed for Controlled Proteolysis. Annu. Rev.
Biochem. 68, 1015–1068. doi:10.1146/annurev.biochem.68.1.1015

Wang, L., Ye, X., and Zhao, T. (2019). The Physiological Roles of Autophagy in the
Mammalian Life Cycle. Biol. Rev. Camb Philos. Soc. 94, 503–516. doi:10.1111/
brv.12464

Wang, M., Meng, X. B., Yu, Y. L., Sun, G. B., Xu, X. D., Zhang, X. P., et al. (2014).
Elatoside C Protects against Hypoxia/reoxygenation-Induced Apoptosis in
H9c2 Cardiomyocytes through the Reduction of Endoplasmic Reticulum
Stress Partially Depending on STAT3 Activation. Apoptosis 19, 1727–1735.
doi:10.1007/s10495-014-1039-3

Wang, S., Kandadi, M. R., and Ren, J. (2019). Double Knockout of Akt2 and AMPK
Predisposes Cardiac Aging without Affecting Lifespan: Role of Autophagy and
Mitophagy. Biochim. Biophys. Acta Mol. Basis Dis. 1865, 1865–1875. doi:10.
1016/j.bbadis.2018.08.011

Wang, Y., Zhang, Z. Z., Wu, Y., Ke, J. J., He, X. H., and Wang, Y. L. (2013).
Quercetin Postconditioning Attenuates Myocardial Ischemia/reperfusion
Injury in Rats through the PI3K/Akt Pathway. Braz. J. Med. Biol. Res. 46,
861–867. doi:10.1590/1414-431X20133036

Wang, Y. J., Tayo, B. O., Bandyopadhyay, A., Wang, H., Feng, T., Franceschini, N.,
et al. (2014). The Association of the Vanin-1 N131S Variant with Blood
Pressure Is Mediated by Endoplasmic Reticulum-Associated Degradation
and Loss of Function. Plos Genet. 10, e1004641. doi:10.1371/journal.pgen.
1004641

Wei, M., Brandhorst, S., Shelehchi, M., Mirzaei, H., Cheng, C. W., Budniak, J., et al.
(2017). Fasting-mimicking Diet and Markers/risk Factors for Aging, Diabetes,
Cancer, and Cardiovascular Disease. Sci. Transl. Med. 9. doi:10.1126/
scitranslmed.aai8700

Weinsaft, J. W., and Edelberg, J. M. (2001). Aging-associated Changes in Vascular
Activity: A Potential Link to Geriatric Cardiovascular Disease. Am. J. Geriatr.
Cardiol. 10, 348–354. doi:10.1111/j.1076-7460.2001.00833.x

Wright, J. N., Collins, H. E., Wende, A. R., and Chatham, J. C. (2017).
O-GlcNAcylation and Cardiovascular Disease. Biochem. Soc. Trans. 45,
545–553. doi:10.1042/BST20160164

Wu, M. X., Wang, S. H., Xie, Y., Chen, Z. T., Guo, Q., Yuan, W. L., et al. (2021).
Interleukin-33 Alleviates Diabetic Cardiomyopathy through Regulation of
Endoplasmic Reticulum Stress and Autophagy via Insulin-like Growth
Factor-Binding Protein 3. J. Cel. Physiol. 236, 4403–4419. doi:10.1002/jcp.30158

Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W., et al. (2014). ULK1
Translocates to Mitochondria and Phosphorylates FUNDC1 to Regulate
Mitophagy. EMBO Rep. 15, 566–575. doi:10.1002/embr.201438501

Wu, X., Zheng, D., Qin, Y., Liu, Z., Zhang, G., Zhu, X., et al. (2017). Nobiletin
Attenuates Adverse Cardiac Remodeling after Acute Myocardial Infarction in
Rats via Restoring Autophagy Flux. Biochem. Biophys. Res. Commun. 492,
262–268. doi:10.1016/j.bbrc.2017.08.064

Wu, X., Zhu, X., and Zhou, Y. (2019). Abstract 531: Urolithin a Suppress Cardiac
Fibrosis via Autophagy Pathway in the Diabetic Cardiomyopathy. Circ. Res.
125. doi:10.1161/res.125.suppl_1.531

Wu, Y., Yue, Y., Fu, S., Li, Y., Wu, D., Lv, J., et al. (2019). Icariside II Prevents
Hypertensive Heart Disease by Alleviating Endoplasmic Reticulum Stress via
the PERK/ATF-4/CHOP Signalling Pathway in Spontaneously Hypertensive
Rats. J. Pharm. Pharmacol. 71, 400–407. doi:10.1111/jphp.13041

Xia, K. P., Ca, H. M., and Shao, C. Z. (2015). Protective Effect of Notoginsenoside
R1 in a Rat Model of Myocardial Ischemia Reperfusion Injury by Regulation of
Vitamin D3 Upregulated Protein 1/NF-Κb Pathway. Pharmazie 70, 740–744.

Xiang, Q., Wu, M., Zhang, L., Fu, W., Yang, J., Zhang, B., et al. (2020).
Gerontoxanthone I and Macluraxanthone Induce Mitophagy and Attenuate
Ischemia/Reperfusion Injury. Front. Pharmacol. 11, 452. doi:10.3389/fphar.
2020.00452

Xie, F., Xu, S., Lu, Y.,Wong, K. F., Sun, L., Hasan, K.M.M., et al. (2021). Metformin
Accelerates Zebrafish Heart Regeneration by Inducing Autophagy. Npj Regen.
Med. 6, 62. doi:10.1038/s41536-021-00172-w

Xie, M., Kong, Y., Tan, W., May, H., Battiprolu, P. K., Pedrozo, Z., et al. (2014).
Histone Deacetylase Inhibition Blunts Ischemia/reperfusion Injury by Inducing
Cardiomyocyte Autophagy. Circulation 129, 1139–1151. doi:10.1161/
CIRCULATIONAHA.113.002416

Xie, M., Cho, G. W., Kong, Y., Li, D. L., Altamirano, F., Luo, X., et al. (2021).
Activation of Autophagic Flux Blunts Cardiac Ischemia/Reperfusion Injury.
Circ. Res. 129, 435–450. doi:10.1161/CIRCRESAHA.120.318601

Xu, F., Wu, Q., Li, L., Gong, J., Huo, R., and Cui, W. (2021). Icariside II: Anticancer
Potential and Molecular Targets in Solid Cancers. Front. Pharmacol. 12,
663776. doi:10.3389/fphar.2021.663776

Yamamoto, T., Byun, J., Zhai, P., Ikeda, Y., Oka, S., and Sadoshima, J. (2014).
Nicotinamide Mononucleotide, an Intermediate of NAD+ Synthesis, Protects
the Heart from Ischemia and Reperfusion. PLoS One 9, e98972. doi:10.1371/
journal.pone.0098972

Yan, J., Yan, J. Y., Wang, Y. X., Ling, Y. N., Song, X. D., Wang, S. Y., et al. (2019).
Spermidine-enhanced Autophagic Flux Improves Cardiac Dysfunction
Following Myocardial Infarction by Targeting the AMPK/mTOR Signalling
Pathway. Br. J. Pharmacol. 176, 3126–3142. doi:10.1111/bph.14706

Yang, D., Wang, Q., Wei, G., Wu, J., Zhu, Y. C., Zhu, Q., et al. (2020). Smyd3-
PARP16 axis Accelerates Unfolded Protein Response and Vascular Aging.
Aging (Albany NY) 12, 21423–21445. doi:10.18632/aging.103895

Yang, Z., and Klionsky, D. J. (2009). An Overview of the Molecular Mechanism of
Autophagy. Curr. Top. Microbiol. Immunol. 335, 1–32. doi:10.1007/978-3-642-
00302-8_1

Yim, W. W., and Mizushima, N. (2020). Lysosome Biology in Autophagy. Cell
Discov 6, 6. doi:10.1038/s41421-020-0141-7

Yin, J., Xing, H., and Ye, J. (2008). Efficacy of Berberine in Patients with Type 2
Diabetes Mellitus. Metabolism 57, 712–717. doi:10.1016/j.metabol.2008.01.013

Younce, C. W., Burmeister, M. A., and Ayala, J. E. (2013). Exendin-4 Attenuates
High Glucose-Induced Cardiomyocyte Apoptosis via Inhibition of

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819023

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1016/j.cell.2016.04.006
https://doi.org/10.1152/ajpendo.00294.2015
https://doi.org/10.1152/ajpendo.00294.2015
https://doi.org/10.1038/nm.2961
https://doi.org/10.1038/nm.2961
https://doi.org/10.1155/2017/9028435
https://doi.org/10.1155/2017/9028435
https://doi.org/10.4161/auto.6.5.11947
https://doi.org/10.1007/s11010-014-2152-x
https://doi.org/10.1161/CIRCRESAHA.117.310603
https://doi.org/10.3390/ijms22031177
https://doi.org/10.3390/ijms22031177
https://doi.org/10.1111/j.1474-9726.2010.00586.x
https://doi.org/10.1111/j.1474-9726.2010.00586.x
https://doi.org/10.1152/ajpcell.00380.2014
https://doi.org/10.1126/science.aac4854
https://doi.org/10.1155/2010/930509
https://doi.org/10.1146/annurev.biochem.68.1.1015
https://doi.org/10.1111/brv.12464
https://doi.org/10.1111/brv.12464
https://doi.org/10.1007/s10495-014-1039-3
https://doi.org/10.1016/j.bbadis.2018.08.011
https://doi.org/10.1016/j.bbadis.2018.08.011
https://doi.org/10.1590/1414-431X20133036
https://doi.org/10.1371/journal.pgen.1004641
https://doi.org/10.1371/journal.pgen.1004641
https://doi.org/10.1126/scitranslmed.aai8700
https://doi.org/10.1126/scitranslmed.aai8700
https://doi.org/10.1111/j.1076-7460.2001.00833.x
https://doi.org/10.1042/BST20160164
https://doi.org/10.1002/jcp.30158
https://doi.org/10.1002/embr.201438501
https://doi.org/10.1016/j.bbrc.2017.08.064
https://doi.org/10.1161/res.125.suppl_1.531
https://doi.org/10.1111/jphp.13041
https://doi.org/10.3389/fphar.2020.00452
https://doi.org/10.3389/fphar.2020.00452
https://doi.org/10.1038/s41536-021-00172-w
https://doi.org/10.1161/CIRCULATIONAHA.113.002416
https://doi.org/10.1161/CIRCULATIONAHA.113.002416
https://doi.org/10.1161/CIRCRESAHA.120.318601
https://doi.org/10.3389/fphar.2021.663776
https://doi.org/10.1371/journal.pone.0098972
https://doi.org/10.1371/journal.pone.0098972
https://doi.org/10.1111/bph.14706
https://doi.org/10.18632/aging.103895
https://doi.org/10.1007/978-3-642-00302-8_1
https://doi.org/10.1007/978-3-642-00302-8_1
https://doi.org/10.1038/s41421-020-0141-7
https://doi.org/10.1016/j.metabol.2008.01.013
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Endoplasmic Reticulum Stress and Activation of SERCA2a. Am. J. Physiol. Cel
Physiol 304, C508–C518. doi:10.1152/ajpcell.00248.2012

Yu, H., Wen, L., andMu, Y. (2020). O-GlcNAcylation Is Essential for Autophagy in
Cardiomyocytes. Oxid. Med. Cel. Longev. 2020, 5602396. doi:10.1155/2020/
5602396

Yu, Y., Hu, Z., Li, B., Wang, Z., and Chen, S. (2019). Ivabradine Improved Left
Ventricular Function and Pressure Overload-Induced Cardiomyocyte
Apoptosis in a Transverse Aortic Constriction Mouse Model. Mol. Cel.
Biochem. 450, 25–34. doi:10.1007/s11010-018-3369-x

Yu, Y., Sun, G., Luo, Y., Wang, M., Chen, R., Zhang, J., et al. (2016).
Cardioprotective Effects of Notoginsenoside R1 against Ischemia/
reperfusion Injuries by Regulating Oxidative Stress- and Endoplasmic
Reticulum Stress- Related Signaling Pathways. Sci. Rep. 6, 21730. doi:10.
1038/srep21730

Yuan, R., Tsaih, S. W., Petkova, S. B., Marin de Evsikova, C., Xing, S., Marion, M.
A., et al. (2009). Aging in Inbred Strains of Mice: Study Design and Interim
Report on Median Lifespans and Circulating IGF1 Levels. Aging Cell 8,
277–287. doi:10.1111/j.1474-9726.2009.00478.x

Yussman, M. G., Toyokawa, T., Odley, A., Lynch, R. A., Wu, G., Colbert, M. C.,
et al. (2002). Mitochondrial Death Protein Nix Is Induced in Cardiac
Hypertrophy and Triggers Apoptotic Cardiomyopathy. Nat. Med. 8,
725–730. doi:10.1038/nm719

Zalckvar, E., Berissi, H., Mizrachy, L., Idelchuk, Y., Koren, I., Eisenstein, M., et al.
(2009). DAP-kinase-mediated Phosphorylation on the BH3 Domain of Beclin 1
Promotes Dissociation of Beclin 1 from Bcl-XL and Induction of Autophagy.
EMBO Rep. 10, 285–292. doi:10.1038/embor.2008.246

Zhang, B. F., Jiang, H., Chen, J., Guo, X., Li, Y., Hu, Q., et al. (2019). Nobiletin
Ameliorates Myocardial Ischemia and Reperfusion Injury by Attenuating
Endoplasmic Reticulum Stress-Associated Apoptosis through Regulation of
the PI3K/AKT Signal Pathway. Int. Immunopharmacol. 73, 98–107. doi:10.
1016/j.intimp.2019.04.060

Zhang, N., Wei, W. Y., Yang, Z., Che, Y., Jin, Y. G., Liao, H. H., et al. (2017).
Nobiletin, a Polymethoxy Flavonoid, Protects against Cardiac Hypertrophy
Induced by Pressure-Overload via Inhibition of NAPDH Oxidases and
Endoplasmic Reticulum Stress. Cell. Physiol. Biochem. 42, 1313–1325. doi:10.
1159/000478960

Zhang, N., Yang, Z., Xiang, S. Z., Jin, Y. G., Wei, W. Y., Bian, Z. Y., et al. (2016).
Nobiletin Attenuates Cardiac Dysfunction, Oxidative Stress, and Inflammatory
in Streptozotocin: Induced Diabetic Cardiomyopathy. Mol. Cel. Biochem. 417,
87–96. doi:10.1007/s11010-016-2716-z

Zhao, G. L., Yu, L. M., Gao, W. L., Duan, W. X., Jiang, B., Liu, X. D., et al. (2016).
Berberine Protects Rat Heart from Ischemia/reperfusion Injury via Activating

JAK2/STAT3 Signaling and Attenuating Endoplasmic Reticulum Stress. Acta
Pharmacol. Sin. 37, 354–367. doi:10.1038/aps.2015.136

Zhou, H., Wang, S., Zhu, P., Hu, S., Chen, Y., and Ren, J. (2018). Empagliflozin
Rescues Diabetic Myocardial Microvascular Injury via AMPK-Mediated
Inhibition of Mitochondrial Fission. Redox Biol. 15, 335–346. doi:10.1016/j.
redox.2017.12.019

Zhou, Y., and Wu, W. (2017). The Sodium-Glucose Co-transporter 2 Inhibitor,
Empagliflozin, Protects against Diabetic Cardiomyopathy by Inhibition of the
Endoplasmic Reticulum Stress Pathway. Cel. Physiol. Biochem. 41, 2503–2512.
doi:10.1159/000475942

Zhu, Y., Massen, S., Terenzio, M., Lang, V., Chen-Lindner, S., Eils, R., et al. (2013).
Modulation of Serines 17 and 24 in the LC3-Interacting Region of Bnip3
Determines Pro-survival Mitophagy versus Apoptosis. J. Biol. Chem. 288,
1099–1113. doi:10.1074/jbc.M112.399345

Zinman, B., Wanner, C., Lachin, J. M., Fitchett, D., Bluhmki, E., Hantel, S., et al.
(2015). Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2
Diabetes. N. Engl. J. Med. 373, 2117–2128. doi:10.1056/NEJMoa1504720

Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial Reactive
Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol. Rev. 94,
909–950. doi:10.1152/physrev.00026.2013

Zou, L., Marchase, R., and Chatham, J. (2015). The Effects of NAD on Glucose
Deprivation Induced Activation of Protein O-GlcNAcylation, ER Stress and
Autophagy Mediated by CD38 and cADPR. FASEB J. 29. doi:10.1096/fasebj.29.
1_supplement.798.4

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Azam, Zhang, Zhou and Wang. 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.

Frontiers in Aging | www.frontiersin.org April 2022 | Volume 3 | Article 88819024

Azam et al. Therapeutic Advances in Cellular Homeostasis

https://doi.org/10.1152/ajpcell.00248.2012
https://doi.org/10.1155/2020/5602396
https://doi.org/10.1155/2020/5602396
https://doi.org/10.1007/s11010-018-3369-x
https://doi.org/10.1038/srep21730
https://doi.org/10.1038/srep21730
https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.1038/nm719
https://doi.org/10.1038/embor.2008.246
https://doi.org/10.1016/j.intimp.2019.04.060
https://doi.org/10.1016/j.intimp.2019.04.060
https://doi.org/10.1159/000478960
https://doi.org/10.1159/000478960
https://doi.org/10.1007/s11010-016-2716-z
https://doi.org/10.1038/aps.2015.136
https://doi.org/10.1016/j.redox.2017.12.019
https://doi.org/10.1016/j.redox.2017.12.019
https://doi.org/10.1159/000475942
https://doi.org/10.1074/jbc.M112.399345
https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1096/fasebj.29.1_supplement.798.4
https://doi.org/10.1096/fasebj.29.1_supplement.798.4
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Recent Advances on Drug Development and Emerging Therapeutic Agents Through Targeting Cellular Homeostasis for Ageing and C ...
	1 Introduction
	2 Pathophysiological Processes Involved in Cardiac Ageing
	3 Autophagy
	3.1 Autophagy in Cardiac Ageing
	3.2 Molecular Pathways Underlying Reduced Autophagy in Cardiac Ageing
	3.2.1 Mammalian Target of Rapamycin
	3.2.2 Insulin-Like Growth Factor 1/Akt Pathway
	3.2.3 AMPK-Activated Protein Kinase
	3.2.4 Sirtuins

	3.3 Autophagy Targeting Drugs
	3.3.1 Metformin
	3.3.2 Rapamycin
	3.3.3 Spermidine
	3.3.4 Trehalose
	3.3.5 Nobiletin
	3.3.6 Sodium-Glucose Co-Transporters-2 Inhibitors
	3.3.7 Irisin
	3.3.8 Ivabradine
	3.3.9 Tat-Beclin 1
	3.3.10 Fasting


	4 Mitophagy
	4.1 PINK1/Parkin Pathways
	4.2 The BNIP3/NIX Pathways
	4.3 FUNDC1 Pathways
	4.4 Role of Mitophagy in Ageing
	4.5 Mitophagy Targeting Drugs
	4.5.1 Simvastatin
	4.5.2 Natural Compounds
	4.5.3 Nicotinamide Adenine Dinucleotide
	4.5.4 UMI-77
	4.5.5 TEMPOL


	5 Endoplasmic Reticulum Stress Response
	5.1 Molecular Pathways Underlying Reduced Endoplasmic Reticulum Stress Response in Cardiac Ageing
	5.2 Drugs Targeting Endoplasmic Reticulum Stress Response
	5.2.1 Empagliflozin
	5.2.2 Glucagon-1 Like Peptide Agonist
	5.2.3 Natural Compounds
	5.2.4 Small Molecules
	5.2.5 B7-33
	5.2.6 Chemical Chaperones


	6 Protein Quality Control System Crosstalk
	7 Limitations and Future Directions
	8 Conclusion
	Author Contributions
	Funding
	References


