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Abstract: Autophagy is an important biological process occurring in eukaryotic cells. There are different
forms of autophagy all of which are specialised for their specific roles. The primary role of autophagy is
protein degradation, regulating immune responses and maintaining cellular homeostasis. Due to its
complexity, autophagy is modulated by many genes and signalling pathways. Autophagy can be induced via
different mechanisms, particularly due to oxidative stress and inflammation resulting in lipid peroxidation
products and the generation of cytokines. Dysregulation of autophagy modulation pathways can cause
different cardiovascular pathologies ranging from atherosclerosis, cardiac hypertrophy, and failure. Targeting
autophagy through therapeutic agents has proven to be fruitful in the treatment of diseases. Potential therapies
comprising of Rapamycin, an mTOR inhibitor, and Resveratrol, a polyphenol, have both demonstrated
efficacy in reversing cardiac hypertrophy through the modulation of autophagy. However, the challenge lies in
translating the studies into real therapies which can be used clinically. It is vital to ensure that the effects of
Rapamycin and Resveratrol are safe long-term. Perhaps this can be achieved through further understanding
autophagy’s complex interaction with other cellular processes. This literature review will explore the different
types of autophagy and their role in normal heart physiology. It also aims to study its relation to the heart
diseases mentioned above. Lastly, using autophagy as a tool in disease management will also be discussed.
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1. Introduction

Autophagy is a phylogenetically preserved degradation and recycling system found within all eukaryote
cells [1]. It serves a vital role in cellular homeostasis, protein, and organelle quality control. It is also
involved in maintaining cellular balance and regulating immune responses. Due to autophagy being essential
for normal physiology, it may not be too surprising that dysregulation in its mechanism can lead to
devastating pathologies. Many studies have revealed that dysregulation in autophagy plays a significant role
in the onset of disease ranging from the development of tumours, neurological disease, chronic heart disease,
and more specifically, cardiovascular disease (CVD).

CVD is one of the major causes of death not only in the UK but also worldwide [2]. Globally,
cardiovascular disease remains one of the leading causes of death among the population. It can be split into
two main forms: stroke and coronary heart disease (CHD) [3]. In the UK, 27.1% of all deaths recorded in
2019 were identified as being related to cardiovascular disease [4]. Recent studies have highlighted that
targeting autophagy can be beneficial in the treatment of CHD. Since then, numerous drugs have emerged as
promising candidates in this regard [5].

This literature review aims to provide a comprehensive overview of the role of autophagy in heart
disease. Firstly, the mechanism of autophagy will be explored in detail. Next, the role of autophagy in normal
heart physiology, particularly in aging, will be discussed. Subsequently, its role in the development of
hypertensive heart disease, more specifically, cardiac hypertrophy, failure and atherosclerotic coronary artery
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disease will be studied. Lastly, this review will also delve into the therapeutic potential of targeting autophagy
as a novel approach for heart disease management.

2. Understanding Autophagy

The word autophagy is derived from two Greek words: ‘ Autos’ meaning self and ‘Phagomai’ meaning
to eat. This ‘self-devouring’ or degradative ability is needed for cell survival. The catabolic process of
autophagy can be split into three distinct classes: microautophagy, macroautophagy and chaperone-mediated
autophagy (CMA). This is further illustrated in Figure 1.
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Figure 1. Three types of autophagy: (1) In macroautophagy, an isolation membrane envelops cytoplasmic material
and organelles, forming an autophagosome. This fuses with a lysosome, creating an autophagolysosome where the
contents are degraded. (2) Microautophagy involves direct engulfment of cytoplasmic parts by the lysosome. (3)
Chaperone-mediated autophagy targets specific proteins recognized by HSC70 and translocated into the lysosome via
LAMP-2A for degradation. These autophagic processes break down and recycle cytoplasmic material for energy
production and protein synthesis. This is an adapted diagram inspired by Mizushima et al. [6], original concept adapted
and modified for the purpose of this literature review.

Microautophagy is a process where the cytoplasm itself enters the lysosome and separate vesicles or
autophagosomes are not formed [7]. The role of microautophagy in protein degradation remains poorly
understood, therefore, it is not extensively covered in this literature review [8].

Chaperone-mediated autophagy (CMA) on the other hand, is much more selective. In CMA, special
substrate proteins which need to be degraded are marked with a KFERQ-like sequence [9]. Proteins most
commonly marked with a KFERQ-like sequence are either damaged or misfolded and thus need to be
destroyed. This KFERQ-like sequence is identified by a cytosolic chaperone protein, namely, Shock Cognate
70 kDa protein (HSC70) [10]. This complex is then translocated, firstly, to the lysosomal membrane. At the
membrane the CMA substrate binds to its receptor: lysosomal-associated membrane protein 2A (LAMP2A)
[11]. This complex is then ultimately translocated to the lysosome lumen by LAMP2A. Lastly, upon reaching
the lumen, the substrate protein is degraded into its basic amino acids by lysosome proteases for recycling.
The recycled products can be used for protein synthesis.

This literature review paper will focus on the most common form of autophagy, macroautophagy.
Macroautopahgy can be further subcategorised into mitophagy, pexophagy and reticulophagy. Mitophagy is
the selective degradation and removal of damaged mitochondria and is essential for maintaining cellular
function [12]. Pexophagy on the other hand refers to the selective targeting of peroxisomes. This process
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regulates the number and the quality of peroxisomes in cells and is crucial for cellular lipid metabolism and
detoxification [13]. Lastly, reticulophagy, sometimes also referred to as ER-phagy, is a term for selective
degradation of the endoplasmic reticulum (ER). His process helps to maintain ER homeostatsis [14]. From
this point on macroautophagy will be referred to as autophagy unless otherwise specified.

2.1. Initiation

The first step of autophagy is initiation. This can be triggered as a response to a number of both
intracellular and extracellular stimuli ranging from nutrient deprivation (glucose, amino acids etc.), cellular
stress (oxidative stress, DNA damage etc.) and damaged organelles or pathogen infection [15,16]. The key
regulator of autophagy is the mammalian target of rapamycin (mTOR) signalling cascade. Normally, target of
rapamycin complex 1 (TORC1) is responsible for phosphorylating the autophagy-related unc-51-like kinase
(ATG/ULK) complex. This phosphorylation inhibits the synthesis of an autophagosome. Signals from the
aforementioned stimuli result in the inactivation of TORC1 inducing autophagy.

2.2. Membrane Nucleation and Expansion

Now that the process of autophagy has been initiated, the next step involves the formation of the
phagophore, also known as the isolation membrane. This is a vital step in autophagy as it consists of the
assembly of the double membrane autophagosome which engulfs the cytoplasmic material.

In the previous stage of initiation, the ATG/ULK complex was phosphorylated. Research has revealed
that this complex is a key player in autophagy [17]. This activated complex then goes on to phosphorylate,
and in turn activate, Beclin-1-a member of the phosphatidylinositol 3-kinase (PI3K) complex. PI3K generates
phosphatidylinositol 3-phosphate (PI3P) to be formed at the endoplasmic reticulum. PI3P has a vital role in
the recruitment of multiple different autophagy related (ATG) proteins.

Before moving onto expansion of the isolation membrane, it is crucial to understand why this is
important. Throughout the process of membrane nucleation and expansion, the phagophore is ‘open’. This
allows for the entry of cytoplasmic cargo into the developing autophagosome. This differs from the more
selective process of CMA where specific proteins are engulfed.

Some examples of recruited ATG proteins and their roles in autophagy nucleation are as follows: ATG18,
membrane elongation and recruitment of other ATG proteins. ATG9, a transmembrane protein needed for the
delivery of membrane vesicles to the isolation membrane synthesis site [18]. ATG 5, protein which makes up the
molecular machinery for the formation of autophagosomes. And lastly, ATG2, which is involved in membrane
dynamics and elongation. Once the phagophore reaches sufficient size, ATG2 also initiates phagophore closure
[19]. These are just a few autophagy genes; a more comprehensive list can be found in Table 1.

Table 1. Autophagy related genes and their function and role in modulating autophagy.

Gene Function Role in Autophagy Reference
AMPK AMP-activated protein kinase Activate [20]
ATGI6L Autophagosome elongation Activate [21]
ATG2 Lipidation of ATG8 and autophagosome elongation Activate [19]
ATGS5 Autophagosome elongation Activate [22]
ATG7 E1-like enzyme fort ATG8 conjugation Activate [23]
ATGS Autophagosome formation and elongation Activate [24]
ATG9 Membrane protein for autophagosome formation Activate [25]
BECLIN1 Autophagosome initiation Activate [26]
ESCRT Endosomal sorting complex for pore closure and transport Activate [27]
mTOR Component of mMTORC1 Inhibit [28]
p62 Adaptor protein Activate [29]
VPS4 Vacuolar Protein Sorting 4 for autophagosome initiation Activate [30]
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2.3. Pore Closure

Once the phagophore has encapsulated the cytoplasmic contents which need to be degraded, the edges
move towards each other and ultimately fuse. This membrane fission seals off the phagophore completing the
autophagosome. The exact mechanisms in this process are not yet fully understood, however, several key
factors can be identified.

Some of the key players in this process, as shown by research, are SNARE proteins which bring the
edges of the phagophore towards one another [31]. More importantly, endosomal sorting complexes required
for transport (ESCRT) machinery also play a significant role in promoting pore closure in mammals. ESCRT
proteins are able to assemble on the autophagosome membrane and though an ATPase, named VPS4, drive
membrane sealing [27].

2.4. Degradation

In the last step of autophagy, the previously created autophagosome fuses with a lysosome forming an
autophagolysosome [32]. Upon fusion, the cytoplasmic contents are exposed to around 40 different types of
hydrolytic digestive enzymes. These enzymes include proteases, nuclease sulfatases and lipases which
catalyse the breakdown of different macromolecules [33].

Following degradation, the products generated by the digestive enzymes are released into the cytoplasm
for transport to be used in different metabolic processes including protein synthesis and energy production as
mentioned earlier in this paper.

3. Autophagy in Normal Heart Physiology
3.1. Exercise and Autophagy

Fascinatingly, many studies have also found a link between exercise and autophagy. It has been reported
that mTOR phosphorylation can be inhibited by aerobic exercise [34]. This can directly prevent cardiac aging
[35]. The study conducted by Campos et al. highlights this remarkably.

The researchers found that 8 weeks after commencing exercise training, autophagy increased. This
resulted in increased mitochondria number, size, and oxidative capacity. Ultimately slowing down cardiac
deterioration. Interestingly, the researchers also concluded that when autophagy inhibitors were administered,
the protective effect of autophagy and exercise was reversed. The study also found that reduced autophagic
flux was found in failing hearts, in turn leading to fragmented mitochondria and impaired oxygen
consumption. This is something which will be further explored in detail in the subsequent section [36].

3.2. Autophagy in Aging

Many research studies have shown the link between autophagy and cardiovascular aging.
Cardiovascular aging is a process which occurs over a long period of time. There are many hallmarks of
cardiac ageing including decreased heart compliance, increase in arterial tree thickness and increased left
ventricular afterload [37].

Generally, cardiac aging is characterised by heart hypertrophy and mitochondria dysfunction. As one
can imagine, due to autophagy having the role of maintaining cellular and protein homeostasis, it is essential
for sustaining cardiac function during aging. This has further been proven with Chang et al.’ s roundworm
studies [38]. The researchers used fluorescently tagged autophagy-related protein 8 (ATG 8) to visualise
autophagy activity in different tissues of wild type worms and two types of long-lived mutants which lack
insulin/IGF-1 receptor signalling. Flux assays were also conducted to quantify how many autophagosomes
and autolysosomes were present. The findings show an age-dependent increase in autophagosomes and
autolysosomes in all wild type worms. This suggests a decrease in autophagic activity as the worms aged.

We know from other studies that impaired autophagy in turn can lead to cardiac dysfunction and
ultimately cardiac aging as proven in mice experiments conducted by Taneike et al. [39]. The study
demonstrates that impairing autophagy by deletion of autophagy-related protein 5 (ATG 5) in cardiac cells
resulted in chamber dilation and cardiac dysfunction with increasing age. Additionally, in cardiac cells with
the gene deletion, mitochondria with structural and functional abnormalities were also observed.
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Furthermore, the accumulation of abnormal mitochondria was linked with increased oxidative stress as levels
of heme oxygenase-1 mRNA (HO-1) were found to be elevated. HO-1 is an enzyme which is synthesised in
response to oxidative stress and catalyses the breakdown of heme into biliverdin, carbon monoxide and
iron [40].

Overall, from analysing these two studies we can conclude that disrupting autophagy by either genetic
manipulation (such as ATG 5 ablation) or through age-related decline leads to cardiac dysfunction. This goes
to show that continuous autophagy plays a vital role in maintaining cardiac function.

That being said, it is essential to realise that despite both studies providing valuable insight there are a
few limitations which come into play. Firstly, the worm and mice models used may not fully recapitulate
autophagy in humans. Secondly, there may also be factors other than autophagy which could contribute to the
observed age-related dysfunction.

4. Autophagy Triggers

Autophagy in the heart can be triggered due to multiple different factors. A key inducer of autophagy is
oxidative stress.

Oxidative stress can result in the formation and accumulation of lipid peroxidation products. An
example of this would be the reactive aldehyde 4-hydroxynonenal (4-HNE) [41]. 4-HNE can modify
nucleophilic functional groups through the process of covalent adduction. This ultimately can lead to changes
in DNA, proteins and lipids. At high levels, 4-HNE can increased cell death through autophagic means [42].

Additionally, autophagy can also be induced and further modulated by cholesterol autoxidation in the
presence of oxidative stress. Cholesterol autoxidation is a spontaneous chemical reaction where cholesterol,
in the presence of oxygen, undergoes oxidation leading to the formation of products known as oxysterols. A
link between cholesterol levels and the initiation autophagy was suggested by a study conducted by Cheng et
al. [43]. It was shown that there was an increased level of autophagy related genes following the reduction of
cholesterol. The exact process by which lowered cholesterol levels are able to regulate autophagy remains
unknown, however [44].

5. Chronic Heart Diseases

As previously mentioned, chronic heart disease is one of the leading causes of death globally. Chronic
heart disease refers to long term heart diseases which can impact both the structure and function of the heart
leading to severe complications over time. It is a broad term which encompasses many different heart
conditions such as coronary artery disease (CAD), heart failure, congenital heart disease, cardiomyopathy,
and arrhythmias.

A major risk factor contributing to CHD, as proven by multiple research studies, is hypertension or high
blood pressure [45]. Evidence suggests a linear relationship linking the two together [46]. Further research
has also shown that in the presence of hypertension, the mortality rate of CHD is 2.3 times greater [47].

Heart disease due to hypertension is referred to as hypertensive heart disease (HHD). It essentially
describes changes in heart physiology due to the increased workload resulting from chronically elevated
blood pressure. One of the key changes associated with this is an increase in left ventricular wall thickness,
left ventricular hypertrophy (LVH).

Before delving deeper into HDD, it is crucial to grasp the underlying cause of LVH. According to
Laplace’s law, ventricular wall stress is directly proportional to the pressure and diameter of the ventricle
[48]. Also, it is inversely proportional to the wall thickness. Therefore, due to the increased pressure on the
ventricular walls in high blood pressure, the wall diameter increases.

Cardiac hypertrophy can further be classified into two categories. Hypertrophy due to pressure overload
leads to lateral myocyte growth which in turn results in wall thickening with preserved chamber volume. This
is named concentric hypertrophy [49]. On the contrary, in hypertrophy due to volume overload, the
sarcomeres are added in series which results in wall thickening and increased chamber volume. This is
eccentric hypertrophy [50].

Hypertension not only causes heart failure due to the mechanisms mentioned above, but it can also lead
to coronary artery disease through the development of atherosclerotic plaque formation [51].
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This paper will specifically focus on heart failure due to hypertensive heart disease as well as coronary
heart disease. Recent research has identified autophagy as a key player in these diseases.

5.1. Heart Failure

Heart failure (HF) is a condition in which, due to functional and structural deficits in the myocardium,
results in impaired blood ejection or impaired ventricular filling [52]. HF can broadly be categorised into two
main types based on ejection fraction: heart failure with preserved ejection fraction (HFpEF) and heart failure
with reduced ejection fraction (HFrEF) [53].

Heart failure with reduced ejection fraction, also known as systolic heart failure, results from the left
ventricle’s inability to contract effectively, leading to a diminished ejection fraction typically below
40% [32].

In contrast, heart failure with preserved ejection fraction, or diastolic heart failure, arises when the left
ventricle exhibits thickened walls but a reduced cavity size, resulting in an increased left ventricular mass-to-
volume ratio [54].

5.2. Coronary Artery Disease and Atherosclerosis

Coronary artery disease, also known as coronary heart disease, is a cardiovascular disorder which occurs
due to obstruction of the coronary arteries. This obstruction arises primarily due to atherosclerosis which is
triggered often due to factors such as high blood pressure but can also be triggered due to injury and damage
to the coronary arteries.

Atherosclerosis is a chronic condition characterised by accumulation of plaques found on the walls of
arteries. Briefly, disruption of the arterial wall results in lipoprotein droplets to accumulate in the coronary
vessels [55]. Water insoluble lipids which generally circulate in the blood stream then attach to these
lipoproteins forming apolipoproteins. Apolipoproteins can pass through the vessel endothelium and upon
oxidation attract immune cells such as macrophages [56]. This process leads to foamy cell production and
ultimately fatty streak lesions. Lesions then attract smooth muscle cells which initiate production and
deposition of collogen and proteoglycans which causes progression into fibrous plaque [57].

Factors other than high blood pressure can also contribute to the initiation and progression of
atherosclerosis some of which being, high cholesterol levels, smoking, aging and diabetes mellitus [58,59].

6. Autophagy in Chronic Heart Diseases

Many studies have revealed the link between autophagy and hypertensive heart disease. This review will
primarily focus on atherosclerosis and the end point of all heart diseases, heart failure.

0.1. Autophagy in Cardiac Hypertrophy and Heart Failure

Autophagy in cardiac hypertrophy has been suggested by many researchers as a double-edged sword. In
some cases, dysregulation and an increase in autophagy has promoted cardiac hypertrophy [60]. This increase
in autophagy can be triggered by multiple stimuli as presented in Figure 2.

Weng et al. conducted a study demonstrating this effect in mice with transverse aortic constriction
(TAC) to induce heart pressure overload. Some mice were administered the renin inhibitor Aliskiren (ALK)
which lowers blood pressure and is used to treat hypertension. Rest of the mice received an autophagy
inhibitor [61]. The researchers found that TAC induced significant cardiac hypertrophy in mice. Additionally,
TAC induced autophagic responses in the heart. This was through increased expression of ATG 5, ATG 16
and BECLIN-1.

Additionally, other studies have shown the role of autophagy in cardiac hypertrophy through the use of
miRNAs. In mice with TAC, the expression of miR-30a was shown to be reduced suggesting that it may act
as a negative regulator of cardiac hypertrophy. In the study by Yin et al., when a miR-30a inhibitor was used,
it resulted in an increase in autophagy and an increase in cardiac hypertrophy markers [62].

The impact of increased autophagy on heart failure was observed in an ultrastructural analysis of patient
samples by Fidzianska et al. The examination demonstrated changes in the cardiomyocyte structure due to the
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presence of large autophagic vacuoles filled with glycogen granules, mitochondria, and cytoplasmic remnants
[63]. The vacuoles not only show increased autophagic activity in the cardiomyocytes but also indicate cell
stress and damage. This reinforces the involvement of autophagy in the progression of cardiovascular
diseases. In this case, the progression from hypertrophy to heart failure [64].

However, every coin has two faces. Several other studies have shown that in some cases, high levels of
autophagy may ameliorate heart hypertrophy.

An example of this would be the study conducted by Liu et al. studying the role of Regulated in
Development and DNA Damage 1 (REDD1) [65]. REDDI is a stress responsive protein and is upregulated
due to increase cellular stress or DNA damage. In the presence of cardiac hypertrophy, it has been noted that
REDDI is able to inhibit cardiomyocyte growth by increasing autophagy. Furthermore, when REDDI
expression is knocked down, autophagy in cardiomyocytes is reduced.

REDDI can exert its effects by its regulation of the mTOR pathway. Interestingly, the effect of REDDI1
knock out can be counteracted by administration of Rapamycin. This is something which will be explored
later in this paper.

Studies show that administration of AMP-activated protein kinase (AMPK) activators such as
Metformin increase levels of autophagy in cardiomyocytes and subsequently block hypertrophy [66]. This
was observed in in vitro studies and Li et al. suggest this increase in autophagy is triggered by inhibition of
the mTOR pathway. The AMPK pathway is also something which will be studied in the subsequent section.

Impaired Autophagy

Atherosclerotic Plaque

Formation

Apoptosis Cell Senescence

S e
. Accelerated Plaque
Plaque Instability Progression and

Instability

Figure 2. Flowchart explaining the effect of impaired autophagy on different cells which are present in blood vessels.
Impaired autophagy in macrophages leads to unstable plaque formation due to apoptosis, in VSMCs cellular
senescence results in accelerated play progression and plaque instability. Adapted diagram inspired by Poznyak et al.
[67] Original concept adapted and modified for the purpose of this literature review.

6.2. Autophagy in Atherosclerosis

Autophagy resulting in atherosclerotic plaque can be impaired or disrupted in different cell types as
illustrated in Figure 3 [67].
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Figure 3. Heart hypertrophy can be induced through factors which increase autophagy. These factors include
increased renovascular hypertension, mechanical stress, static pressure though P13K pathway and lastly, transverse
aortic constriction which reduced expression of miR-30a. Adapted diagram inspired by Li et al. original concept
adapted and modified for the purpose of this literature review.

6.2.1. Autophagy Markers in Macrophages

Analysis in mouse and human tissue by Sergin et al. has revealed that when macrophages are exposed to
“atherogenic lipids’, an increase of p62 and autophagy-related protein 5 (ATG 5) in both mouse and human
tissue samples [68].

Atherogenic lipids specifically refer to low-density lipoprotein (LDL) cholesterol, which, when
oxidised, can play a significant role in driving the progression of plaque formation within blood vessels [69].
P62 is a protein found in many different cellular processes but in the context of autophagy, serves as an
adapter protein which helps clear damaged cellular components though the process of autophagy [70], while
ATG 5, as mentioned earlier, is a protein involved in the formation of autophagosomes.

The research suggests that a deficiency in p62 can lead to the accumulation of protein aggregates and
thus exacerbate the progression of atherosclerosis by disrupting autophagy. Furthermore, an impairment in
ATG 5 in macrophages in turn leads to an impairment in autophagy due to its protective role of maintaining
cellular homeostasis.

Additionally, oxidized LDL (oxLDL) as well as its compounds, 7-ketocholesterol and 783
-hydroxycholesterol can both induce autophagy in vascular wall cells [71]. They are able to induce a special
form of cell death termed oxiapoptophagy which is associated with oxidative stress, apoptosis and autophagy
[72]. Oxiapoptophagy is especially relevant in atherosclerosis treatment as it highlights core signalling
pathways which could be targeted for therapies. An interesting study conducted by Ouyang et al. highlights
pretreatment with antioxidant acetylcysteine (NAC). The study suggested that NAC could decrease the
production of NOX4 (responsible for NADPH oxidase 4 synthesis), as well as ameliorating expression of
autophagy-related factors and decreasing the production of apoptotic proteins [73]. Moreover, a different
study also shows NAC induced prevention of atherosclerosis though the reduction of reactive oxidative
species formation, oxLDL and inflamitory cytokines [74]. Therefore, it can be concluded that dysfunction in
autophagy, as evidenced by alterations in autophagic markers in macrophages, is implicated in the
pathogenesis of atherosclerosis [68].

Sergin et al.’ s study provides great insight into the relationship between autophagy and atherosclerosis
progression, particularly emphasising the significance of role p62. This may partly be due to its well-
established role in autophagy. However, the study also prompts further inquiry into the molecular pathways
underlying ATG 5 deficiency. Identifying these pathways could unveil novel therapeutic targets for the
treatment of atherosclerosis. Thus, this research underscores the importance of ongoing investigation in this
field to advance our understanding and therapeutic strategies for cardiovascular diseases.
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6.2.2. Dysfunction of Autophagy in Vascular Smooth Muscle Cells

Another investigation conducted by Nahapetyan et al. reveals that development of atherosclerosis can
also be a result of a deletion mutation in the autophagy-related gene 7 (ATG 7) in vascular smooth muscle
cells (VSMCs) [75]. VSMCs play a key role in atherosclerosis as they contribute to plaque formation. This is
possible as they can change phenotype becoming highly proliferative [76]. ATG 7 is a crucial protein needed
for the initiation of autophagy.

The reason ATG 7 is so vital is that it facilitates the conjugation of microtubule-associated protein 1A/
1B-light chain 3 (LC3) to the phagophore. Thus, a deficiency in ATG 7 disrupts this initiation process.

VSMCs are important when it comes to the development of atherosclerotic plaques. These plaques
can become instable and rupture leading to harmful cardiovascular events. The mice studies show that in
VSMCs which lack the ATG 7 gene, the impaired autophagy results in the accumulation of fragmented
mitochondria.

The research also shows that the fragmented mitochondria produce less energy and lead to increased
oxidative stress within the cell [77]. These effects lead to impaired cellular function. Dysfunctional
fragmented mitochondria also release reactive oxidative species which can further exacerbate plaque
instability. If the defective mitochondria are not cleared it leads to VSMC apoptosis and makes
atherosclerotic plaques more vulnerable to rupture.

In addition, there is evidence to suggest that reduced autophagy in endothelial cells leads to accelerated
plaque formation also [78]. This is due to similar mechanisms as dysregulated VSMCs lead to increased
inflammation and oxidative stress.

The study by Nahapetyan et al. offers interesting links between ATG 7 deficiency and development of
atherosclerosis. As mentioned above, we know the link between dysregulated macrophages and autophagy.
Perhaps it may be insightful to consider how VSMC’s, endothelial cells and macrophages interact together
and the complex interplay between their respective process in the regulation of autophagy. Further research in
this field could pave the way for therapeutics which target molecular mechanisms which modulate these
interactions.

7. Autophagy Signalling Pathways in Heart Disease

There are many signalling pathways which modulate autophagy. Some key players are mammalian
target of Rapamycin (mTOR) and AMP-activated protein kinase (AMPK) [79].

7.1. AMP-Activated Protein Kinase

AMPK is a key regulator of cell metabolism which is activated due to decreased cellular ATP levels or
increased cell demand. It is also able to modulate autophagy as shown in Figure 4 though phosphorylation of
TSC2 and RAPTOR which inhibits the mTORCI1 complex [80]. Other than acting on the mTOR pathway,
AMPK also activates ULK1 and BECLIN1 for autophagy initiation [81].

7.2. mTOR

The primary role of mTOR is integration of signals from growth factors to promote cell growth and
inhibit autophagy [82]. It is a kinase which is a part of the mTORC1 complex along with Proline-Rich Akt
Substrate of 40 kDa (PRAS40), DEP Domain-Containing mTOR-Interacting Protein (DEPTOR),
Regulatory-Associated Protein of mTOR (RAPTOR) and Mammalian Lethal with SEC13 Protein 8§
(MLSTS).

Mouse model studies have shown that deletion of mTOR in adult heart results in increased apoptosis
and autophagy and thus, reduced cell survival [28]. The study goes to show that mosaic deletion of mTOR
during early heart development led to apoptosis of cardiomyocytes. Furthermore, when 50% of the cells
lacked mTOR, the embryonic heart could not sustain the circulatory requirements and lead to embryonic
death. This cements the essential role of mTOR in the survival and proliferation of cardiomyocytes.
Disruption of this signalling pathway can lead to cardiac defects such as hypertrophic cardiomyopathy and
heart failure [83]. The mTOR pathway regulation and inhibition can be visualised in Figure 4.
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Figure 4. Growth factors such as IGF-1 can activate the PI3L/AKT pathway. Phosphorylation of TSC2 by AKT leads
to conversion of RHEB-GDP into its active form, RHEB-GTP, ultimately resulting in the activation of mTORCI.
AMPK can be activated by Resveratrol, Metformin, and statins. It can then inactivate mTORC1 by phosphorylating
TSC2 upstream or RAPTOR downstream. Adapted diagram inspired by Orogo et al. original concept adapted and
modified for the purpose of this literature review.

8. Therapeutic Potential of Targeting Autophagy in Heart Disease.

As discussed throughout this paper, dysregulation of autophagy can have severe detrimental effects on
cardiac function. Therefore, pharmacological modulation of autophagy can be a beneficial approach in the
treatment of autophagy related cardiac diseases. Studies have shown multiple drugs and agents which are able
to either activate or inhibit autophagy to improve cardiac function.

8.1. Discovery and Development of Autophagy Modulating Drugs

Novel autophagy targets can be identified at a fast rate due to advancements in high-throughput
screening (HTS) methods. HTS is a discovery process which allows for the automatic testing of a vast array
of chemical and biological compounds for a particular target. Many autophagy modulators have been
identified through HTS as highlighted by Deitersen et al. for Arzanol [84].

Another novel drug discovery method being used by scientists is computational modelling and virtual
screening [85]. Large libraries of chemical compounds can be screened and certain compounds with the
highest probability of binding to a specific target can be identified. Computational modelling can also
incorporate machine learning and artificial intelligence to identify patterns in specific datasets which may not
be apparent through traditional methods. Computational analysis was used in the study of ULK1 and ULK2
by Dementer et al. to uncover the function of those autophagy proteins [86].

8.1.1. Rapamycin, mTOR Modulation

Rapamycin, also known as Sirolimus, is a naturally occurring compound which can be isolated from
Streptomyces hygroscopicus [87]. It is a macrolide compound often used in anticancer therapies and to
prevent organ transplant rejection [88,89]. Rapamycin and its derivatives, as shown in Figure 4, are activators
of autophagy due to their ability to inhibit mTOR. Studies have shown that Rapamycin is able to protect from
cardiac hypertrophy and improve cardiac function.

McMullen et al. found that administration of rapamycin to mice with heart hypertrophy not only led to
significant changes in gene expression, but it also regressed both compensated and decompensated heart
hypertrophy. Rapamycin reversed the decrease in Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2a
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(SERCA2a) gene expression [90]. SERCA2a is important for heart contraction and relaxation as it is
involved in the transport of calcium ions. In heart hypertrophy, SERCA2a expression is decreased resulting in
the impairment of heart contraction [91]. The authors suggest that Rapamycin may have a therapeutic role for
improving cardiac function and regressing cardiac hypertrophy. The study employed a well-designed system
to investigate the effect of Rapamycin on mouse models however, despite the findings being promising, more
studies need to be conducted to evaluate the effectiveness of rapamycin in humans as well as determining
long tern effects and impact on mortality.

A different study conducted by Das et al. demonstrated that Rapamycin treatment on mice with type 2
diabetes prevented cardiac dysfunction [92]. Its cardioprotective effects are achieved, as explained earlier,
through mTOR inhibition without interfering with other pathways such as AKT phosphorylation. The study
goes on to explain that the cardioprotective effects of rapamycin may be due to its ability to act on many
different cellular processes involved in glucose metabolism, antioxidant defence and contractile function.

8.1.2. Resveratrol, AMPK Modulation

Another promising agent in the treatment of cardiac hypertrophy is Resveratrol [93]. It is a naturally
occurring polyphenol found in a range of plant species [94]. It is particularly found in red grapes and berries
and known to have antibacterial and antifungal properties. Studies have suggested it also acts as a powerful
regulator of autophagy [95]. In a study by Chan et al. the potential of the polyphenol to mitigate cardiac
hypertrophy was investigated [93]. Both in vitro and in vivo models were employed to investigate its effects
on hypertrophy. It was found that treatment with Resveratrol inhibited the growth of cardiomyocytes and
reduced the size of the heart in the mice models. Resveratrol was found to be able to activate AMPK and
inhibit AKT signalling in cardiomyocytes, as shown in Figure 4. This AMPK activation was associated with
promoting energy balance and the inhibition of AKT suppressed the cardiac hypertrophy in cardiomyocytes.

Overall, Chan et al.” s study highlights the anti-hypertrophic effects of Resveratrol in both inhibiting
excessive growth in cardiomyocytes as well as balancing cell homeostasis. However, it is important to note
that despite its powerful regulative effects, Resveratrol is very rapidly metabolised by the body [96]. Studies
showing that both oral and intravenous administration of the drug in humans was quickly metabolised within
two hours. And other studies showing that Resveratrol has poor intestinal uptake [97]. Perhaps other
analogues of Resveratrol may be more effective in this regard.

8.1.3. PI3K Inhibitors

Phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinases which regulate different intracellular
signalling events in the body. The pathways which are regulated by PI3K are essential when it comes to
maintaining cellular homeostasis. There are three different classes of PI3Ks. Irregular activity of PI3K has
been shown in many different diseases including heart failure. One member of the PI3K family is noted to be
of interest, VPS34. This is due to it having an essential role in autophagy. Studies have shown PI3K plays a
pivotal role in the transition of cardiac hypertrophy into heart failure due to prolonged activation of
autophagy [98]. The mice study conducted by Yu et al. showed that Class III PI3K VPS34 was upregulated in
hypertrophic hearts from the age of 3 weeks to 4 weeks. It was also to be noted that the anti-apoptotic factor
BCL-2 was decreased by 58.4% when compared to age-matched wild type hearts. The researcher’s data
shows that low levels of BCL-2 promote the interaction between VPS34 and Beclin-1, this in turn results in
the activation of Class III PI3K, which goes on to stimulate increased autophagic activity in already
hypertrophic hearts. Therefore, inhibitors of PI3K, particularly Class III inhibitors, have emerged as
promising agents in treatment.

8.2. Therapeutic Challenges of Autophagy Modulation Drugs

As the molecular mechanisms of autophagy are being studied further, multiple different avenues of drug
discovery and development targeting this pathway have emerged. Even within the last decade, there have
been nearly hundreds of autophagy-related compounds which have both pre-clinical and clinical interest.
However, despite all the fascinating breakthroughs in autophagy modulation, there are many problems which
need to be addressed [99]. For instance, rapamycin as mentioned earlier, not only targets autophagy, but also
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targets a wide range of pathways and thus cannot be classified as a selective therapeutic. This lack of
specificity may result in off-target effects and a limited efficacy when presented in the clinical setting.
Despite McMullen et al.” s study showing promising results, translating drugs into clinical practice after
evaluating their safety, efficacy, and long-term effects in human patients can be quite challenging [100]. On
the contrary, even more selective targets mentioned in this paper such as PI3K inhibitors need much more
refinement before they can even be evaluated and considered for clinical trials [101].

9. Conclusion and Perspective

The link between autophagy and heart disease has emerged to be a promising field in the research of
therapeutics. This literature review has explored autophagy in detail, ranging from its different forms, its
mechanism, and its intricate role in maintaining homeostasis in the body.

This review has explored a range of cardiovascular diseases and how autophagy can act as a double-
edged sword in the onset and progression of these diseases. Namely, dysregulation of autophagy contributing
to cardiac hypertrophy, heart failure and atherosclerosis. Lastly, this review has also shed light on autophagy
modulation as a potential target in the treatment of hypertensive related heart conditions. This has been
possible by analysing preclinical studies which modulate autophagy signalling pathways via Rapamycin and
its derivatives as well as Resveratrol. Both are shown to prevent and regress cardiac hypertrophy.

The progress achieved through multiple clinical trials in the field has proven to be remarkable, however,
a few challenges lie ahead. As with all clinical trials, it is important to translate the results into effective
therapies. Furthermore, as mentioned throughout this paper, the long-term effect and safety of these therapies
needs to be evaluated. As autophagy is such a complex process involving many different signalling pathways,
it can be difficult to isolate autophagy without altering cell dynamics. As a result, further research needs to be
conducted to unravel the crosstalk of autophagy signalling pathways with other cellular processes to observe
how potential therapeutics may impact this.

In essence, autophagy plays a pivotal role in the development of cardiovascular diseases and multiple
trials and studies have shown considerable progress in targeting autophagy for treatment. Nonetheless,
continued effort is needed to fully harness autophagy modulation in order to ensure effective management of
heart disease.
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