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1. ABSTRACT

Autophagy, a form of lysosomal degradation 
capable of eliminating dysfunctional proteins and 
organelles, is a cellular process associated with 
homeostasis. Autophagy functions in cell survival by 
breaking down proteins and organelles and recycling 
them to meet metabolic demands. However, aberrant up 
regulation of autophagy can function as an alternative to 
apoptosis. The duality of autophagy, and its regulation over 
cell survival/death, intimately links it with human disease. 
Non-coding RNAs regulate mRNA levels and elicit 
diverse effects on mammalian protein expression. The 
most studied non-coding RNAs to-date are microRNAs 
(miRNA). MicroRNAs function in post-transcriptional 
regulation, causing profound changes in protein levels, 
and affect many biological processes and diseases. The 
role and regulation of autophagy, whether it is beneficial or 
harmful, is a controversial topic in cardiovascular disease. 
A number of recent studies have identified miRNAs that 
target autophagy-related proteins and influence the 
development, progression, or treatment of cardiovascular 
disease. Understanding the mechanisms by which these 
miRNAs work can provide promising insight and potential 
progress towards the development of therapeutic 
treatments in cardiovascular disease. 

2. INTRODUCTION

Adaptive and maladaptive autophagy has been 
linked to a wide variety of human processes and disease. 
Studies have found autophagy to be associated with 
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development, aging, neurological disorders, liver and 
muscle disorders, infection, immunity, and cancer (1,2). 
The controversy regarding autophagy lies in the role it 
plays in pathology, and whether it serves as a protective 
response to insult or a means of exacerbating cell death.

The homeostasis between life and death is 
pertinent to human physiology. Maladaptive regulation of 
cell death and cell survival is an underlying cause of many 
human diseases. The balance between death and survival 
is maintained predominantly via three cellular pathways: 
apoptosis, necrosis, and autophagy. An intimate crosstalk 
exists between these pathways, however, the apoptosis 
and necrosis pathways have been reviewed extensively 
elsewhere and, thus, autophagy will remain the focus of 
this review (3-5). Autophagy is an intracellular vesicular 
process by which protein aggregates and organelles are 
eliminated via lysosomal degradation (2). The etymology 
of autophagy is Greek, derived from words that translate 
to “eating of self.” This finely tuned process is capable 
of mediating cell survival at basal levels by breaking 
down proteins and organelles into their building blocks, 
which are then capable of being reused by the cell. In 
this respect, autophagy functions as a cellular form of 
recycling. It is believed that decreased levels of autophagy 
explain protein aggregates often seen as the cause of 
neurological disorders such as Alzheimer’s disease (6,7). 
Excessive levels of autophagy, on the other hand, can be 
detrimental and provide an alternative route to cell death, 
often termed non-apoptotic type II cell death (2).
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Protein regulation is important for the 
maintenance of cellular homeostasis. A multitude of 
regulatory mechanisms responsible for controlling protein 
expression and turnover transcend evolutionary 
biology (8). Research spanning the last several decades 
has shed light on the role of non-coding RNA in regulating 
protein expression. Several non-coding RNA protein 
regulatory pathways exist, including: microRNA (miRNA), 
short-interfering RNA (siRNA), repeat-associated small 
interfering RNA (rasiRNA), piwi-interacting RNA (piRNA), 
and long non-coding RNA (lncRNA) (9–11). Of these, 
miRNAs are the most evolutionarily conserved (12), and, 
thus, are the most commonly researched non-coding 
RNA. MicroRNAs are a small chain of nucleotides, 
roughly 22 nucleotides on average, that regulate specific 
messenger RNAs (mRNA), allowing them to suppress 
post-transcriptional gene expression and protein 
production (9). To date, over 1000 miRNAs have been 
identified within the human genome (8) and are expressed 
throughout various, yet specific, tissues. It is believed 
that the vast number of miRNAs control a plethora of 
cellular processes and regulate nearly half of all protein 
coding genes within humans (13–15).

2.1. Autophagy
Three main subsets of autophagy have been 

identified: macroautophagy, microautophagy, and 
chaperone-mediated autophagy, which differ in cellular 
function and the means by which targets are delivered 
to lysosomes. The most commonly studied form is 
macroautophagy, and hence will be the emphasis of 
this review. Macroautophagy is distinguished by the 
formation of a double membrane vesicle known as 
an autophagosome that is used to deliver cargo to 
lysosomes (16). Five steps characterize the process: 
induction, vesicle nucleation, elongation/completion, 
docking/fusing with the lysosome, and cargo 
degradation (Figure 1) (17). Upon stimulus, such as 
stress, lipid nucleation begins. These lipids are believed 
to derive from membranes such as the mitochondria, 
plasma membrane, endoplasmic reticulum, or golgi 
apparatus and will eventually become the autophagic 
vacuole (18–23). After nucleation, the lipid membrane 
will elongate around target cargo and enclose it, 
completing the formation of an autophagosome. This 
vacuole will then fuse with a lysosome, forming a 

Figure 1. A schematic figure of key proteins that are involved in formation of the whole process of autophagy.
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mature autolysosome, and undergo hydrolysis in order 
to degrade the vesicle’s contents (2). Many proteins are 
involved in the regulation and execution of autophagy. 
However, it is predominantly regulated by mammalian 
target of rapamycin (mTOR) and AMP-responsive 
protein kinase (AMPK) pathways, two processes 
responsible for nutrient sensing and the regulation of 
unc-51-like kinase 1(ULK1), a protein important for the 
induction of autophagy. In times of nutrient abundance, 
mTOR is active and inhibits the autophagic process 
via phosphorylation of ULK1. Alternatively nutrient 
deprivation stimulates AMPK to activate suppressors 
of mTOR, Tuberous Sclerosis Complex (TSC1/2), and 
stimulate autophagy (24). 

Early genetic studies done in yeast revealed 
a set of genes responsible for autophagosome 
formation, together known as autophagy-related genes 
(ATG) (25,26). Many of the initial genes discovered in 
yeast were later found to be conserved in mammals and 
have human homologs (27). Induction of autophagy is 
mediated through the activation of the ULK complex, 
composed of ULK1/2, mATG13, Family interacting protein 
of 200 kD (FIP200), and ATG101 (28). Under starvation 
conditions, ULK1 is dephosphorylated, disassociating it 
from mTOR, where it can proceed to autophosphorylate 
itself as well as the ULK complex. It then proceeds to 
activate vesicle nucleation by means of phosphorylating 
Beclin-1 (BECN1), a key component of the nucleation 
complex (29). Nucleation is dependent on a group of 
proteins including: class III phosphotidylinositol-3 kinase 
(PI3K) vacuolar protein sorting (VPS) 15, Beclin-1, 
activating molecule in BECN1 regulated autophagy 
protein 1 (AMBRA1), ultraviolet irradiation resistance-
associated gene (UVRAG), ATG14L, and bax-interacting 
factor 1 (BIF-1). This complex forms to activate the class 
III PI3K VPS34 and generate PI3 (16). 

After vesicle nucleation occurs, elongation of 
the membrane/phagophore takes place via ubiquitin-like 
conjugations with multiple ATG proteins (ATG12, ATG5, 
ATG 10, ATG 16L, ATG8, ATG4, ATG7, and ATG3) as well 
as the microtubule-associated protein 1 light chain (LC3). 
LC3 is capable of coupling to phosphotidylethanolamine 
(PE) to form LC3II and become a membrane bound 
conjugate (30). LC3-II is important in both membrane 
expansion as well as cargo recognition by means of 
its interaction with Sequestosome 1, which recognizes 
ubiquitinated target proteins (1). Sequestosome 1 is 
regulated by miR-17/20/93/106 (31). Upon completion of 
autophagosome formation many ATG and fellow proteins 
disassociate from the vesicle and into the cytoplasm 
for reuse; the rare exception being LC3II. LC3II bound 
to the outer membrane of autophagosomes is cleaved 
and returned to the cytoplasm by ATG4; however 
inner-membrane bound LC3II remains anchored to 
autophagosomes up until lysosomal fusion occurs, where 
it is degraded within the lysosome (1,2,16,17,25–27). 

An autophagosome is fully matured once it has 
fused to a lysosome, creating the autolysosome. This 
fusion process is accomplished through Rab proteins, 
soluble N-ehtylmaleimide sensitive factor attachment 
proteins (SNAREs), the homotypic fusion and vacuole 
protein sorting (HOPS) complex, and tethering 
proteins (1). Rab7 GTPase is the most studied Rab and 
has an important role in autophagosome-to-lysosome 
trafficking through its interactions with effecter proteins 
such as FYCO1, RILP, and Csn8 (32). Recently Syntaxin 
17 has been identified as a SNARE capable of interacting 
with VPS33A and VPS16 to mitigate membrane fusion 
between autophagic vacuoles and lysosomes (33). 
Upon fusion the inner membrane of the autophagosome 
and its cargo are degraded via lysosomal cathepsins 
and rendered back into usable amino and fatty 
acids (1,2,16,22,27). 

Autophagy can be regulated by proteins aside 
from mTOR, AMPK, and the ATG family. For example, 
the B-cell lymphoma family of proteins are known to 
regulate apoptosis via mitochondrial outer membrane 
permeabilization. These proteins can either be pro-
apoptotic or anti-apoptotic in function, but all contain 
at least one of four Bcl-2 homology domains (BH1-4) 
and all contain a BH3 domain which allow them to form 
homodimers or heterodimers and control cell death or 
cell survival (34). Beclin-1 contains a BH3 domain, and 
this allows the anti-apoptotic protein Bcl-2 to bind to and 
inhibit Beclin-1’s autophagic function (35). Apoptosis 
repressor with caspase recruitment domain (ARC) has 
been reported to negatively regulate autophagy (36). 
Meanwhile master gene transcription regulators such 
as Histone acetyltransferaces (HATs) and deacetylases 
(HDAC) can influence autophagy levels (28,37). 
Transcription factors, such as FOX1/3 and the RB1-E2F1 
pathway, regulate autophagy as well (1).

It is safe to say that autophagy can certainly 
function as an adaptive and maladaptive response, 
depending on the level of regulation and cellular milieu. 
Beclin-1 can function in both apoptosis, as a BH3-only 
protein capable of sequestering pro-apoptotic proteins 
away from mitochondria, via its BH3 domain, as well as 
autophagosome nucleation (5,35). The dual functionality 
of this protein has led to it being one of the most well 
studied autophagy proteins. Deletion of the beclin1 gene 
in murine models leads to embryonic death as a result of 
failed pro-amniotic canal closure (38). In utero lethality 
is commonly associated with proteins involved in the 
induction and nucleation processes of autophagy (1). This 
same protein, Beclin-1, is also a tumor suppressor. Mice 
heterozygous for the BECN1 display haplo-insufficiency 
and significantly elevated levels of tumor development 
throughout various tissues (38,39).

Similarly, accumulation of misfolded 
proteins is commonly seen in liver diseases such as 
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alpha-1-antitrypsin deficiency, where autophagy is 
regarded as the primary means of clearing the misfolded 
protein (40–42). More and more it is becoming evident 
that autophagy provides an essential link to disease. 

2.2. MicroRNAs
MicroRNAs are predominantly transcribed in the 

nucleus under the control of RNA polymerase II. These 
RNAs are much longer than their final 22 nucleotide 
form, and thus require processing within the nucleus 
by Drosha, a class two ribonuclease III enzyme. After 
processing by Drosha, the RNAs are deemed precursor 
miRNA (pre-miRNA) and contain a hairpin structure of 
close to 70 nucleotides (43). Precursor miRNA then 
leaves the nucleus by means of Exportin- 5, which 
recognizes a two-nucleotide overhang at the 3’ end of 
the RNA, and transports it to the cytoplasm (44). Once 
outside the nucleus, the RNA is further processed into a 
22-nucleotide double-stranded RNA (dsRNA) by means 
of the RNase III family enzyme Dicer (8,44). Once in small 
dsRNA form the miRNA can be incorporated into the 
RNA-induced silencing complex (RISC). Incorporation of 
dsRNA into RISC is carried out by the complex of Dicer, 
transactivating response RNA-binding protein (TRBP), 
and Argonaut-2 (Ago2) (Figure 2) (45). The dsRNA is then 
unwound into two single-stranded RNAs. One strand will 
remain bound to Ago2, thus becoming mature miRNA, 
while the other strand gets degraded (44). 

Mature miRNA will then bind to complimentary 
nucleotides along mRNA. Often complementarity is 
found between the “seed” region of miRNA (nucleotides 
2-8) and the 3’ untranslated region (UTR) of mRNA, 
prompting Ago2 to bind GW182 and activate translational 
suppression (44). Once the ribonucleoprotein complex 
has bound its target mRNA it can go about suppressing 
it in several manners. Canonical miRNA/RISC mRNA 
inhibition is mediated through mRNA decay. This process 
consists of perfect complementarity between the “seed” 
region of miRNA and mRNA and leads to Argonaut 
proteins (Ago 1-4) within the RISC complex cleaving 
mRNA at cut sites that line up with nucleotides 10 and 
11 of the miRNA (46). MicroRNA/RISC can also lead to 
mRNA decay by recruiting decapping factors (DCP1/2), 
deadenylase, and exonucleases (3’ or 5’) as well as 
endonucleases such as PMR1 (47–50). It is believed 
that the protein GW182 to essential for some of these 
alternative methods of mRNA degradation. 

MicroRNA can suppress protein expression in 
an alternative fashion to simple mRNA decay; miRNAs 
can also interfere with the process of translation. 
This interference can occur both prior to and after 
translation activation. It has been hypothesized that 
miRNA can silence mRNA by preventing translation 
initiation by means of ribonucleoproteins, specifically, 
Ago. Ago competes with cap binding proteins (CBPs) 
and eukaryotic translation initiation factor 4E (EIF4E) to 
perturb cap structure and closed-loop formation essential 

for translation initiation; as well as sequestering mRNA 
in processing bodies, mRNA, Ago, and GW182 dense 
regions of the cytoplasm, for degradation or delayed 
expression (51–55). It is also possible for miRNA to inhibit 
mRNA once the initiation of translation has already taken 
place and elongation is in progress. This can happen 
in the form of: RISC inhibiting ribosomal subunit joining 
or prompting the subunits to disassociate from mRNA, 
competing with elongation factors and thus slowing the 
process, or recruiting decay factors, to degrade proteins 
mid translation (56–59). 

It is of note that miRNA is not always associated 
with inhibitory or down regulatory effects. In rare 
circumstances, dependent on cell cycle and co-factors, 
miRNA has been shown to activate translation, thus up 
regulating protein levels (46). While miRNA mediated up 
regulation is far less common, multiple miRNAs have been 
shown to have this effect. Often miRNA up regulation occurs 
when cells are quiescent (G0 phase) (60). In this phase, 
GW182 is often down regulated. While the mere absence 
of GW182 is enough to abrogate mRNA degradation, its 
absence also allows Ago2 to bind with other proteins, such 
as fragile X mental retardation protein 1 (FXR1), which 
leads to gene activation (61). The cleavage activity of 
Ago is also absent in quiescent cells (62). This means it 
is possible for the RISC complex, with its capacity to bind 
EIF4E, previously deemed a means to block translation, 
could actually assist mRNA in forming a closed loop 
structure and initiate translation (51). 

MicroRNAs have been shown to have vast effects 
on translational regulation. The inherent complexity of 
this regulatory system allows it to range from managing 
fine changes to grand alterations and functions both as a 
down regulator as well as an up regulator. The intricacies 
and implications of miRNAs make it abundantly clear 
how large a role they play in physiology, and thus present 
themselves as a wonderful tool in which to address the 
treatment of disease. 

2.3. MiRNA regulation of autophagy and 
vice-versa

Regulation of pathways such as apoptosis and 
autophagy are pertinent to health. As mentioned before, 
autophagy is a complex process with many levels of 
regulation built in. It was not until 2009 however that 
a link was made between autophagy and miRNA. Zhu 
et al. discovered that miR-30a could negatively regulate 
Beclin-1, and, thus, autophagy, in cancer cells (63). Since 
that study, a plethora of others have followed revealing 
that miRNAs can influence all stages of autophagy 
(Figure 3). 

The master regulators of autophagy, mTOR 
and AMPK, are subject to miRNA regulation. RHEB 
and RICTOR, components of mTOR signaling, are both 
affected by miR-155 (64). Likewise AMPK is directly 
targeted by miR-148b (65). 
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The ULK complex, responsible for autophagy 
induction, is targeted by multiple miRNAs. ULK1/2 is 
regulated by miR-20a, miR-101, and miR-106a/b (66–68). 
Mammalian ATG13, another component of the ULK 
complex, contains binding sites for miR-885-3p, as do 
ATG9a and ATG2b (69). 

The class III PI3K/Beclin-1 nucleation complex 
is under the control of miR-30a/d, miR-216a, miR-376b, 
and miR-519a (30,66,70–72). Vps34 is silenced by 
miR-338-5p (30). UVRAG is affected by miR-374a and 
miR-630 (72). MiR-195 is capable of inhibiting ATG14L 
(73). PI3K itself, an important factor of nucleation, 
is negatively regulated by phosphatase and tensin 
homolog (PTEN) which is the target of miR-18a, miR-21, 
miR-26a, miR-214, miR-216a, miR-17-92, miR221 and 
miR-222 (30,74). 

The ubiquitin-like conjugation system required 
for phagophore elongation is made up of a multitude of 
proteins, each a subject of miRNA regulation. ATG4 is 
targeted by miR-101 and miR-376b, while LC3 is silenced 

by miR-204 (30,75). ATG12 is regulated by miR-23b and 
miR-630, while its conjugation partner ATG5 is targeted 
by miR-30a/d, miR-181a, and miR-374a (30,72,76). ATG7 
is suppressed by miR-17, mir188-3p, miR-290-295, and 
miR-375 (77–80). Meanwhile microRNA-519a targets 
ATG10 (30,72). 

The fusion of mature autophagosomes 
with lysosomes is regulated by miR-34a and 
miR-130a (81,82). It is important to emphasize the 
diverse impact and multiple functions individual miRNAs 
have. Each miRNA is capable of binding to and altering 
multiple mRNAs, thus altering more than just one isolated 
process or system. Take for instance miR-30a; it targets 
autophagy at two levels, Beclin-1 and ATG5, nucleation 
and elongation respectively, but also p53, an important 
player in DNA repair and apoptosis (30). It is fitting that 
a miRNA exists, capable of mediating apoptosis and 
autophagy, for it is believed that Beclin-1 serves in a 
similar function. However, this goes to show that more 
research needs to be done to understand the complexity 
of these systems.

Figure 2. A schematic figure shows biogenesis of microRNAs and their functions.
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Much as miRNAs can serve to regulate elements 
of the autophagic process, autophagy itself can also 
regulate miRNAs and their production. As reported by 
Gibbings et al., Dicer and Ago2, two main components of 
miRNA biogenesis, are selectively degraded via NDP52-
mediated autophagy (83). MicroRNA production is 
dependent upon proper autophagy levels. For example, 
during states of low autophagic turnover, higher levels 
of inactive Dicer and Ago2 accumulate. These inactive 
proteins are incapable of binding to miRNA, but can bind 
to active RISC components, rendering them useless, and 
suppressing miRNA/RISC activity (84). Autophagy is also 
a capable means of degrading some miRNAs such as 
miR-224 (28). 

3. AUTOPHAGY AND CARDIOVASCULAR 
DISEASE

Since 2001, it has become apparent that 
autophagy is intimately associated with human heart 
disease. The pioneering study examined human tissue 
samples from patients with dilated cardiomyopathies 
and revealed that dying or degrading cardiomyocytes 
often contained higher level of autophagic vacuoles (85). 

This study, along with others soon after, showed that 
autophagy might function as a method of cellular death 
in cardiomyocytes; spawning an ongoing controversy: 
is autophagy beneficial or detrimental to cardiovascular 
biology?

As with any other biological process, autophagy 
is not inherently all good or all bad in the context 
of cardiovascular physiology. Rather, autophagy is 
regarded as a double-edged sword in the context of 
heart and vascular biology. The heart is an energy 
demanding environment, one in which cardiomyocytes 
are continuously beating to accommodate the metabolic 
demands of the body. As a result, cardiomyocytes 
must ensure that their mitochondria sufficiently supply 
adequate amounts of ATP in an efficient manner. Failure 
of cardiomyocytes to degrade old mitochondria can lead 
to inefficient energy production and a buildup of radical 
oxygen species (ROS) (86). Excessive ROS can induce 
apoptosis within cardiomyocytes and jeopardize heart 
function. Because of this, it is crucial for cardiomyocytes 
to properly execute mitophagy, a specific form of 
macroautophagy targeting mitochondrial degradation, 
as a means of preventing cellular death (86). Thus, it is 

Figure 3. Summary of identified microRNAs that target key proteins of autophagic pathway for regulation of autophagy.
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clear that perturbations that lower basal autophagy can 
be just as harmful as those seen in over activation of the 
pathway. A proper balance of autophagy must be struck 
to maintain proper cardiovascular homeostasis. 

3.1. Autophagic miRNAs and cardiac 
remodeling

The hemodynamic load associated with 
cardiovascular stresses often leads to the heart 
remodeling (87). Remodeling is viewed as a structural 
change within the heart such as alterations in chamber 
dimensions, wall thickness, mass, etc. Depending on the 
stress and other factors, the heart can remodel in multiple 
ways: a compensatory growth of the heart in an effort 
to preserve contractility, known as hypertrophy, a non-
compensatory increase in chamber volume associated 
with thinning of the cardiac walls, known as dilation, or, 
in rare circumstances, a loss of heart mass, known as 
atrophy. Much as autophagy is viewed as both friend 
and foe, hypertrophy can also be viewed as adaptive 
and maladaptive in response to cardiac stress (88). 
After an acute stress, such as myocardial infarction (MI), 
hypertrophy is a compensatory mechanism in which 
cardiomyocytes undergo structural, molecular, metabolic, 
and biochemical changes that enhance cell size in an 
effort to preserve cardiac function (89). However, in cases 
of chronic stress, compensatory hypertrophy can lead 
to left ventricular dilation, apoptosis, excessive fibrosis, 
and cardiac dysfunction (89,90). Cardiac hypertrophy 
results in an enhanced cardiac workload and an elevated 
demand for energy. In the circumstance of hypertrophy, 
cardiomyocytes switch from fatty acid (FA) oxidation to 
glucose as the primary source of ATP production. This 
switch is believed to be more favorable because glucose-
derived ATP requires less oxygen than FAs, and the 
thickened walls of a hypertrophic heart alter the diffusion 
rate and availability of oxygen to cardiomyocytes (89). 

Protein synthesis and efficient energy production 
are elemental to cardiac remodeling, and under acute 
stresses it is believed that autophagy is beneficial to 
both of these processes by: 1) clearing old or detrimental 
protein aggregates, preventing protein toxicity, 
2) providing the necessary amino acids to accommodate 
new protein production, and 3) regulating mitophagy 
to optimize ATP production, while minimizing ROS and 
the risk of mitochondrial mediated cell death (89–91). 
Amelioration of autophagy within the heart, specifically 
ATG5 and ATG7 genes, has been shown to cause rapid 
cardiac hypertrophy in mice (89,91). Danon disease 
derives from defective autophagic flux due to improper 
autophagosome-lysosomal fusion, and is marked by 
cardiomyopathy (92). Alternatively it is hypothesized that 
once autophagy becomes overly activated, it becomes 
maladaptive, leading to cell death. Inhibition of autophagy 
has resulted in the restoration of systolic function and 
reversal of hypertrophy in mice that underwent transverse 
aortic constriction (TAC) (87). 

MicroRNAs have also been found to play a 
significant role in the heart (Table 1). Mice deficient of 
Dicer develop heart failure and die within 4 days of being 
born (93). MiRNAs are important for cardiac remodeling. 
In 2008, miR-208 was identified as the first cardiac 
miRNA regulating myosin heavy chain gene expression 
and left ventricular hypertrophy (94). Since then a host 
of other miRNAs, not necessarily cardiac specific, have 
been identified in cardiac remodeling, several of which 
function through regulation of autophagy. 

Just as the genes responsible for autophagy 
and hypertrophy are controversial, so too are the miRNAs 
that regulate their transcripts. The well-studied miR-30a, 
known to target and suppress Beclin-1, is reportedly down 
regulated in murine models of pressure-overload (TAC) 
and Angiotensin-II-mediated cardiac hypertrophy (95,96). 
The down regulation of miR-30a was met with enhanced 
levels of Beclin-1, LC3II, autophagy, and hypertrophic 
markers such as atrial naturietic peptide (ANP) and beta-
MHC. Administration of miR-30a mimics and autophagy 
inhibitors ameliorated autophagy and the hypertrophic 
phenotype (66). 

Another miRNA that targets autophagy is 
miR-34, and it is also decreased in Angiotensin-II models 
of cardiac hypertrophy (82). This miRNA interferes with 
autophagosome elongation by down regulating ATG9. 
MiR-34 levels have been shown to increase in response 
to cardiac aging, and that suppression of miR-34 reduced 
age-associated cell death (97). The process of aging is 
generally associated with decreases in basal autophagy, 
suggesting that miR-34, and its anti-autophagic function, 
might be responsible for cardiac aging phenotypes.

While miR-30a and miR-34 directly regulate 
autophagic machinery, several studies have found 
miRNAs that control transcriptional regulators of 
autophagy, and function as anti-autophagic miRNAs 
that promote hypertrophy. Fox03a is a pro-autophagic 
transcription factor, as well as anti-hypertrophic, that is 
negatively regulated by miR-212/132. Over expression of 
miR-212/132 significantly perturbs autophagy and results 
in drastic cardiac hypertrophy and heart failure (98). 
Furthermore, deletion of miR-212/132 yields enhanced 
autophagy and the capacity to rescue pressure-overload 
induced hypertrophy. 

The master regulator of metabolism and 
autophagy, mTOR, is regulated by cyclin-dependent 
kinase 2 (Cdk2), which is, in turn, inhibited by p27 
(also known as cyclin-dependent kinase inhibitor 1B). 
MiR-221 negatively regulates p27, and, therefore, is 
anti-autophagic. Similar to miR-212/132, cardiac over 
expression of miR-221 results in diminished autophagy, 
cardiac hypertrophy, and heart failure (99). Song et  al. 
analyzed miRNA differences between patients with 
hypertrophic cardiomyopathy (HCM) and healthy donors 
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Table 1. Known miRs that target autophagy in cardiovascular diseases
miR (s) Autophagy 

Target
Associated 

Cardiovascular Disease
Implication in Disease References

Regulation: Anti‑autophagic

MiR‑30a Beclin‑1 Cardiac Remodeling

Stroke

Down regulated in pressure overload and angiotensinII‑mediated 
hypertrophy.
Inhibition of miR alleviates neuronal death associated with I/R

(95,96)

(125)

miR‑34 Atg9 Cardiac Remodeling
Diabetic Cardiomyopathy*

Down regulated in angiotensinII‑mediated hypertrophy.
Elevated during cardiac aging.
Up‑regulated in Type 2 diabetes patients with ischemic HF

(82,97)

(117,118)

miRs‑212/132 FOXO3a Cardiac Remodeling Over‑expression results in hypertrophy and HF.
Suppression rescues pressure over‑load induced hypertrophy

(98)

miR‑221 P27 Cardiac Remodeling Over‑expression results in hypertrophy and HF (99)

miR‑451 TSC1 Cardiac Remodeling Lower levels seen in HCM patients compared to healthy hearts and 
deletion elevates rat cardiomyocyte surface area

(100)

miR‑199a GSK3‑b Cardiac Remodeling Induces hypertrophy (101)

miR‑497 LC3 and Bcl‑2 Ischemic/Reperfusion
Diabetic Cardiomyopathy*

Decreased in MI hearts and hypoxia treated cardiomyocytes.
Suppression reduces apoptosis and infarct area.
Down regulated in diabetic hearts

(114)
(119)

miR‑204 LC3II Ischemic/Reperfusion Down regulated during I/R (115)

miR‑188‑3p Atg7 Ischemic/Reperfusion Administration of miR prevents death and minimizes infarct size (78)

miR‑101 Rab5a Ischemic/Reperfusion Down regulated during H/R.
Inhibition of miR prevents apoptosis

(107)

miR‑221 Not defined in 
study

Diabetic Cardiomyopathy Up‑regulated in STZ‑treated mice hearts (118)

miR‑133a Not defined in 
study

Diabetic Cardiomyopathy Down‑regulation in DCM correlates with increase in beclin1, LC3, 
Atg3, and suppression of mTOR.
miR133a mimics prevent glucose mediated hypertrophy

(119,120)

miR‑195 Not defined in 
study

Diabetic Cardiomyopathy Up‑regulated in STZ‑treated mice hearts (118)

miR‑20a Not defined in 
study

Diabetic Cardiomyopathy Down regulated in STZ‑treated mice hearts (118)

miR‑216a Beclin1 Atherosclerosis Over expression causes ox‑LDL accumulation.
Suppression protects against ox‑LDL

(70)

miR‑207 LAMP2 Stroke Down regulated after ischemia.
Mimics reduce infarct area

(126)

miR‑352 LAMP2 Stroke Down regulated after ischemia (126)

miR‑99a mTOR Cardiac Remodeling
Ischemic/Reperfusion

Attenuates remodeling post MI 
Over‑expression improves cardiac function and prevents cell death 
in rodent MI model

(102)

Regulation: Pro‑autophagic

miR‑144 mTOR Ischemic/Reperfusion Administration and pre‑conditioning reduce apoptosis and infarct 
size in mice.

(113)

miR‑325 ARC Ischemic/Reperfusion Up‑regulated in I/R injury.
Over‑expression enlarges infarct size, while knockdown reduces 
cell death.

(36)

 * autophagic gene target not directly identified in study
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and reported that miR-451 was the most drastically 
down regulated miRNA (100). They went on to show 
that miR-451 silences TSC1, a negative regulator 
of mTOR. When miR-451 was deleted, rat neonatal 
cardiomyocyte cell surface area increased, while over 
expression of miR-451 resulted in inhibited formation of 
autophagosomes. Similarly, tissue samples from HCM 
patients, deficient of miR-451, consistently displayed 
higher levels of LC3II and Beclin-1 compared to healthy 
donor samples (100). Mir-199a is capable of inhibiting 
autophagy via its suppression of GSK3-b (96). GSK3-b 
promotes autophagy through its phosphorylation and 
activation of TSC2, thereby inhibiting mTOR. As seen 
with miRs-212/132 and miR-221, miR-199a also induces 
cardiac hypertrophy (101). 

Li et al. reported that miR-99a is an anti-apoptotic/
pro-autophagic miRNA capable of improving heart function 
and attenuating remodeling post MI (102). They show 
miR-99a is able to lower protein expression of mTOR 
while elevating autophagy proteins such as ATG5, ATG12, 
and LC3II/LC3I and increasing autophagic flux (as shown 
by p62 turnover). Interestingly their data revealed that 
mRNA for mTOR did not decrease in miR-99a’s presence, 
suggesting that perhaps the miRNA blocks translation of 
the mTOR transcript, rather than degrading it. 

Fibrosis is a phenotype seen in many diseases, 
and multiple studies have shown that autophagy can 
help protect against cardiac fibrosis (103,104). Inhibition 
of autophagy, with either chloroquine or ATG5 targeted 
siRNA, was shown to aggravate Angiotensin II-mediated 
cardiac fibrosis in rat cardiac fibroblasts (103). Singh 
et  al. reported that loss of ATG7 leads endothelial 
cells to undergo endothelial-mesenchymal transition 
and enhance organ fibrosis via TGF-beta signaling 
pathways (104). While these two studies examined 
autophagy as a regulator of fibrosis, Duisters et  al. 
observed that miR-30 is highly expressed in cardiac 
fibroblast under normal conditions, however, it becomes 
down regulated during heart failure in both humans 
and rodents (105). They identified connective tissue 
growth factor (CTGF) as the gene target responsible 
for fibrosis regulation. It is worth noting that miR-30 also 
regulates autophagy via the BECN1 gene (66,105). 
Rat cardiac fibroblasts express miR-101, a regulator of 
ATG4, and expression is decreased under hypertrophic 
conditions as well as in the peri-infarct area 4 weeks 
after MI, however, TGF-β1 was identified as the target 
in this study (30, 75, 106). While they did not identify an 
autophagic target, this does not rule out autophagy’s 
involvement, and aligns with Wu et al. findings in hypoxia/
reoxygenation (H/R) studies with H9c2 cells (106,107). 

3.2. Autophagic miRNAs and ischemic 
cardiomyopathy

Globally, ischemic heart disease is often the 
leading cause of death (108). Ischemia is characterized 

by diminished blood supply, resulting in reduced access 
to oxygen and nutrients in peripheral tissues and, in this 
circumstance, the heart. Ischemic heart disease can 
present itself in an acute or chronic fashion. MIs, the 
most common form of acute ischemic cardiomyopathy, 
occur when plaques in the vasculature become dislodged 
and cause thrombotic occlusions that completely block 
coronary vessels, depriving the myocardium of oxygen 
and nutrients. 

It is evident that ischemic events that endure 
over a prolonged period of time will result in myocardial 
death. It is also commonly observed that reperfusion 
following nutrient deprivation, despite being capable 
of rescuing cells from the direct threat of death, elicits 
its own deleterious effects (109). Myocardium directly 
occluded from blood supply quickly die from necrosis, 
meanwhile surrounding tissue, also known as the border 
area, becomes ischemic. Longer durations of ischemia 
result in larger areas of damage. This ischemic phase 
is characterized by cells transitioning from primarily 
oxidative phosphorylation to glucose and lactic acid 
fermentation as a means of ATP production (89). This 
alteration in respiration leads to an imbalance in ion 
concentrations within the cell, specifically sodium. 
With elevated intracellular levels of Na, the sodium-
calcium exchanger (NCX) can no longer expel calcium, 
and intracellular calcium becomes overloaded. This 
abundance in calcium allows for elevated mitochondrial 
calcium concentration, which initiates both apoptotic 
and necrotic pathways (110). The acidic buildup within 
cells during ischemia, derived from elevated intracellular 
sodium as a result of lactic acid fermentation and the 
sodium-hydrogen exchanger (NHE), is restored upon 
reperfusion. However, this restoration is believed to 
reactivate the NHE as well as NaHCO3 exchangers and, 
again, cause buildup of both sodium and calcium (111). 
The increase in intracellular calcium elicits several effects 
such as calpain activity and excessive contractility. 
However, again, elevation in mitochondrial calcium is 
seen. Mitochondrial calcium, coupled with elevated ROS, 
leads to activation of mitochondrial permeability transition 
pores (MPTP), initiating apoptosis (112).

While research has pointed towards apoptosis 
and necrosis as the predominant mediators of cell death 
associated with ischemia and reperfusion, studies have 
been done to look at whether targeting autophagy can 
help protect against ischemic/reperfusion (I/R) related 
injuries (109). Several pro-autophagy microRNAs have 
been associated with cardiac I/R injury. As mentioned 
earlier, Li et  al. found that over expression of miR-99a 
protected against maladaptive remodeling, but also 
is beneficial during I/R injuries (102). MiR-99a targets 
mTOR, promoting autophagy. MiR-99a over expression 
improved cardiac function in mice subjected to MI, while 
also diminishing levels of apoptosis. MTOR is also 
targeted by miR-144 and was shown to be beneficial 
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during preconditioning stages to ameliorate apoptosis 
and infarct size during MI in mice (113). MiR-325 functions 
to negatively regulate ARC and, therefore, serves as a 
pro-autophagic miRNA (36). During myocardial I/R injury 
miR-325 is up regulated. However, unlike MiR-99a, over 
expression of miR-325 managed to increase autophagy 
and exacerbate infarct size in MI models. Likewise, 
knockdown of miR-325 reduced autophagy and cell 
death within the heart (36). 

 There are also anti-autophagic miRNAs that play 
a role in I/R injury. It is reported that miR-497 is decreased 
in hearts that undergo MI as well as cardiomyocytes 
subjected to hypoxia (114). This reduction yields an 
increase in the target genes LC3B and BCL2, and is 
believed to be beneficial to cells. Further suppression of 
miR-497 results in elevated autophagy and reduction in 
both apoptosis and infarct size. Light-chain microtubule 
associated protein LC3 is targeted by miR-204 and 
altered during I/R injury (115). Another miRNA down 
regulated by I/R injury is miR-188-3p. This is an anti-
autophagic miR that negatively regulates the elongation 
phase of autophagosome formation via ATG7. It is 
believed that this miR prevents deleterious autophagy. 
Compensatory administration of miR-188-3p prevents 
death and minimizes infarct size in murine models of 
MI (78). It was reported by Wu et al. that miR-101 is down 
regulated when H9c2 cells are treated under hypoxia/
reoxygenation conditions and undergo apoptosis (107). 
They looked at the role of RAB5a in regulating autophagy 
and found that inhibition of miR-101 prevented apoptosis 
and elevated levels of autophagy (107). It is of note, 
however, that miR-101 has also been shown to target 
other elements of the autophagy machinery such as 
ATG4 and ULK1/2 (67,75). 

3.3. Autophagic miRNAs and diabetic 
cardiomyopathy

The American Heart Association reports 
that individuals suffering from diabetes are two to 
four times more likely to suffer from heart disease or 
stroke. The comorbidity that exists between diabetes 
and cardiovascular disease is thought to stem from 
common risk factors associated with diabetes such as 
obesity, high blood pressure, and high LDL as well as 
triglyceride levels (116). Due to the systemic nature 
of diabetes, diabetic cardiomyopathies have different 
levels of miR expression than their non-diabetic 
counterparts (117–120).

Interestingly, miR-34 is up regulated in type II 
diabetes patients with ischemic heart failure (HF) and 
miR-221 is similarly up regulated in STZ-induced diabetic 
mouse hearts, a model of type I diabetes (117, 118). 
MiR-34 also regulates the p53 pathway (121,122). This 
supports the findings that cardiomyocytes derived from 
OVE26 mice display reduced levels of autophagy (123). 
In a clinical study, Nandi et  al. report that left ventricle 

samples from diabetic left ventricular assist device 
(LVAD) patients consistently showed a down regulation 
of miR-133a, a muscle specific miRNA, when compared 
to non-diabetic LVAD counterparts (120). This reduction 
corresponded with induction of autophagy, shown 
by increases in Beclin-1 and LC3II, suppression of 
mTOR, and hypertrophy; however, the direct target of 
miR-133a was not identified. Feng et  al. performed a 
study in which they identified a number of miRNAs that 
are altered between diabetic and non-diabetic mouse 
hearts (119). In their study, they identified miR-133a 
as being significantly down regulated in diabetic hearts 
and showed neonatal rat cardiomyocytes decrease 
expression of miR-133a in response to high glucose 
treatment. In addition, treatment with a miR-133a 
mimic has been shown to prevent glucose-mediated 
cardiomyocyte hypertrophy (119). Feng et al. also noted 
that miR-497, capable of inhibiting LC3, was reduced 
in diabetic hearts (119, 114). MiR-195 has been shown 
to inhibit ATG14L and was reported as up regulated in 
STZ-induced diabetic mouse hearts (73, 118). From 
Diao et al.’s study they reported miR-20a, an effecter of 
ULK1/2 (68), as down regulated in STZ mouse hearts as 
well (118, 68). 

3.4. Autophagic miRNAs and other 
cardiovascular diseases

Ischemic events are significant beyond the 
heart. Atherosclerosis is a disease afflicting vasculature, 
and is capable of causing systemic injury. As was 
alluded to before, chronic ischemic heart disease is 
often caused by atherosclerosis, specifically within the 
coronary arteries, that leads to undernourishment of 
myocardium over time. This relatively modern disease 
is characterized by the formation of plaques within the 
inner wall of blood vessels. These plaques are made up 
of cholesterol, lipids, cellular debris from immune cells 
such as monocytes/macrophages, calcium, etc. and are 
believed to form as a result of cellular damage to the 
vascular endothelium. These plaques pose the threat of 
forming a blood clot either at the initial site of formation or 
breaking off and lodging elsewhere in the blood vessels 
of the body. Atherosclerosis leads to reduced blood flow 
and ischemia and, therefore, is often the cause of heart 
attacks, strokes, and gangrene (124). 

It was hypothesized and shown by Menghini 
et  al. that miR-216a can regulate ox-LDL induced 
autophagy in human endothelial cells by directly inhibiting 
Beclin-1 (70). They also showed that ATG5 levels 
diminished, however luciferase assays could not verify 
ATG5 as a direct target of miR-216a. Over expression 
of the miR suppresses autophagy, leading to ox-LDL 
accumulation, as well as elevated monocyte adherence; 
suggesting a potential role in the early plaque formation 
of atherosclerosis. Alternatively, down regulation of miR-
216a induces autophagy in human endothelial cells and 
provides protection against ox-LDL treatment (70). 
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Atherosclerosis is intimately associated with 
cerebrovascular accidents such as strokes. Wang 
et al. report that inhibition of miR-30a, and subsequent 
rescue of Beclin-1, can alleviate death/injury associated 
with cerebral ischemia as well as protect against 
neurological deficits in mice (125). Two other miRNAs 
play an important role in regulation of autophagy post-
cerebral ischemia: miR-207 and miR-352 (126). It 
was reported that both miRNAs are down regulated 
after ischemia and suppresses lysosome associated 
membrane protein (LAMP) 2. Tao et  al.’s data reveal 
that up regulation of miR-207 can reduce the number 
of lysosomes and autolysosomes, while increasing the 
number of autophagic vacuoles, suggesting miR-207 
prevents full autophagosome maturation and autophagic 
degradation. MiR-207 mimics can reduce infarct size of 
ischemic insults, indicating that miR-207 protects against 
maladaptive autophagic cell death (126).

Currently, there is no literature supporting 
the role of autophagic-miRNA in arrhythmic or valvular 
cardiovascular disease. That said, each pathology has 
evidence that points towards autophagy being involved. 
Clinical work by Yuan et al. revealed that patients suffering 
from atrial fibrillation express higher levels of LC3II as well 
as increased levels of AMPK phosphorylation (127). In the 
same study, they were able to recapitulate these findings 
using cardiac pacing in canines. Meanwhile, a recent 
study using clinical samples revealed LC3 elevations 
as a biomarker for myxomatous mitral valves (128). 
Therefore, it is certainly within the realm of possibility 
that miRNAs might be responsible for the alterations in 
autophagic machinery associated with both pathologies. 
It could prove insightful to see whether some of the 
miRNAs previously discussed, such as miRs-497/204, 
which directly targets LC3, or miR-30a451/99a, which 
directly target upstream mRNAs and generally regulate 
autophagy levels, are altered in these diseases. 

4. CONCLUSION 

Autophagy and microRNA play a prevalent role 
in the development, progression, and protection against 
cardiovascular disease. Studies that implement miRNA 
agonist and antagonist mimics provide promising hope 
for potential clinical application. However, nuances 
regarding numerous gene targets for each miRNA, as 
well as establishing tissue specific regulation, still remain 
to be elucidated. While advances have been made in 
the fields of heart failure, cardiac remodeling, ischemia, 
atherosclerosis, and cerebrovascular accidents, more 
research is required to see whether miRNA is associated 
with autophagic regulation of arrhythmias and valvular 
disease. Additionally, studies have indicated that some 
miRs may be responsible for diabetic cardiomyopathy, 
however, the direct autophagic targets of the miRs involved 
with diabetic cardiomyopathy have not been identified. 
Fibrosis is another major player in cardiovascular 

disease, and as of now there is little known regarding 
the role of autophagic miRNAs in cardiovascular fibrosis. 
Non-coding RNAs, such as miRNA and lcRNA, are 
burgeoning fields of science capable of revealing many 
new insights in human health.
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