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Abstract: MicroRNAs (miRNAs) are small noncoding RNAs functioning as crucial post-transcriptional
regulators of gene expression involved in cardiovascular development and health. Recently,
mitochondrial miRNAs (mitomiRs) have been shown to modulate the translational activity of
the mitochondrial genome and regulating mitochondrial protein expression and function. Although
mitochondria have been verified to be essential for the development and as a therapeutic target
for cardiovascular diseases, we are just beginning to understand the roles of mitomiRs in the
regulation of crucial biological processes, including energy metabolism, oxidative stress, inflammation,
and apoptosis. In this review, we summarize recent findings regarding how mitomiRs impact on
mitochondrial gene expression and mitochondrial function, which may help us better understand
the contribution of mitomiRs to both the regulation of cardiovascular function under physiological
conditions and the pathogenesis of cardiovascular diseases.
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1. Introduction

The heart pumps blood through the circulation system to provide blood supply to the body
all the time. The continuous heart beating since heart formation requires ceaseless energy, which is
predominantly supplied by the mitochondria in cardiomyocytes. Not surprisingly, the heart is the
most metabolically active organ in the body, and the abundance of mitochondria is highest in the heart
compared to other organs/tissues. Also, angiogenesis, the process of sprouting new blood vessels from
preexisting vasculature, is vital for development and tissue repair/regeneration. The proliferation and
migration of endothelial cells are essential for neo-vessel formation [1,2]. As expected, the proliferation
and migration of endothelial cells during angiogenesis require an adequate supply of energy [3–5].
In addition to being the powerhouse of the cell, mitochondria also play critical roles in reactive oxygen
species (ROS) generation, Ca2+ homeostasis, and cell death [6–8]. ROS derived from mitochondria
could stabilize hypoxia-inducible factor 1α (HIF-1α), and HIF-1α, in turn, promotes VEGF expression,
contributing to angiogenesis [9]. Mitochondrial dysfunction is associated with the development of
many diseases, including cardiovascular diseases [8,10–12].

The most prominent role of mitochondria is to produce ATP through oxidative phosphorylation
fulfilled by the electron transport chain (ETC) composed of four multisubunit protein complexes.
More than 1000 mitochondrial proteins have been identified [13,14]. Mitochondrial proteins are of dual
genetic origins. It is estimated that ~99% of mitochondrial proteins are encoded by nuclear genes and
are actively imported into mitochondria through mitochondrial membrane transporters. The remaining
1% of mitochondrial proteins are encoded by the mitochondrial genome. The mitochondrion has its
own protein synthesis machinery. Thirteen proteins that are components of the ETC I, III, IV, and V
are encoded by mitochondrial DNA (mtDNA). Mitochondrially encoded mRNAs are translated from
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mtDNA on the mitochondrial ribosome (mitoribosome). Thus, appropriate regulation of mitochondrial
protein synthesis is essential for normal mitochondrial function.

MiRNAs are single-stranded, noncoding RNAs with 18–23 nucleotides, participating in the
regulation of gene expression at the post-transcriptional level. They mostly inhibit translation and/or
induce degradation of messenger RNA (mRNA) to cause gene slicing upon complementarily binding
to the 3-untranslated region (3′UTR) of the target genes [15–17]. MiRNAs are essential in various
biological processes, including cell differentiation and proliferation, cell death, and metabolism [18–21].
MiRNA dysregulation often disrupts critical cellular processes, leading to the onset and progression
of various human diseases. A given miRNA can target many target genes, and a target mRNA can
also harbor binding sequences for multiple miRNAs. Not surprisingly, miRNA-based therapeutics
have shown promise in treating human diseases [22–27]. Mature miRNAs are commonly present
in the cytosol of cells. Intriguingly, various studies have revealed the presence of miRNAs in the
mitochondrion [28–30]. It is not currently clear how these nuclear-encoded miRNAs are translocated
into the mitochondrion. Several mitomiRs may be originated from mitochondrial genome-derived
mRNA molecules. MitomiRs have been mostly found to post-translationally regulate gene expression
inside the mitochondrion [31,32]. In addition, some of them may target nuclear-encoded mRNAs
localized on the mitochondrial surface (Figure 1). Of importance, differentially expressed mitomiRs
were observed in heart failure [33,34]. These findings implicate the important roles of mitomiRs in
regulating mitochondrial gene expression and mitochondrial functions in both physiological and
pathological conditions.

Figure 1. Illustration of mitomiR origin and functioning site in the cell. Some mature miRNAs
are imported into mitochondria after the pre-miRNA originated from the nucleus are processed by
DICER. The other mitomiRs may be originated from mitochondrial genome-derived mRNA molecules.
All mitomiRs can exert post-transcriptional modification in the mitochondria. Imported miRNAs may
also target and function at nuclear-encoded mRNAs localized on the mitochondrial surface. However,
the mechanisms underlying mitomiRs biogenesis and action site are still poorly understood.
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2. MitomiR Regulation of Mitochondrial Functions

2.1. MitomiR Biogenesis

MiRNA biosynthesis occurs in multiple enzymatic steps in both the nucleus and cytoplasm [15,35].
The transcription of miRNAs from genes takes place in the nucleus, and RNA polymerase II produces
primary miRNA (pri-miRNA). The stem-loop structure in the pri-miRNA is then modified by RNAse
III class of enzyme, Drosha, to form the precursor-miRNA (pre-MRA) by truncating the stem-loop.
Pasha (DGCR8) helps Drosha act on the pre-miRNA to form a hairpin loop structure [36]. Exporting
5 (EXP5) and RANGTP (a GTP-binding nuclear protein) form transport machinery to export the
pre-miRNA to the cytoplasm from the nucleus. EXP5 also helps protect pre-miRNA against nucleolytic
degradation to reduce the number of mature miRNA in the cytoplasm while avoiding pre-miRNA
from accumulating in the nucleus [37].

RNA-induced silencing complex (RISC) is formed when argonaute (Ago) binds to the Dicer
generated RNA duplex along with targeted mRNA [38]. At first, Ago binds to the dsRNA to form
pre-RISC before removing the passenger miRNA. The endonuclease C3PO strand facilitates to create
the mature RISC, which is characterized by a strong bonding of miRNA and Ago protein [39,40].
A-form helix is the pre-arrangement of the miRNA seed sequence to facilitate efficient target scanning.
Ago undergoes conformational changes made by HSC70-HSP90 protein chaperone using ATP for it to
bind to the dsRNA [41]. RISC matches the 3′-UTR region to recognize the target mRNA, resulting in
either the inhibition of translation or degradation of target mRNA [38].

2.2. MitomiRs and Mitochondrial Energy Metabolism

MitomiRs are important regulators of mitochondrial function and metabolic regulation. In-silico
analysis identified mitomiRs miR-378, miR-24, miR-23b, and let-7a in liver mitochondria; these mitomiRs
have been demonstrated to regulate systemic energy homeostasis, oxidative capacity, ROS generation,
and mitochondrial lipid metabolism [42,43]. In addition, miR-1, miR-210, and miR-338 have been
reported to enhance mitochondrial translation, regulate the mitochondrial proteome, and mitochondrial
bioenergetics in myocytes [40,44–46]. Bioinformatics analysis showed that mitochondria enriched
miR-696, miR-532, miR-690, and miR-345-3p at the early stage of the failing heart, and these miRNAs
were associated with energy metabolism and oxidative stress pathways [33]. More recently, in
hypoxic/reoxygenated cardiomyocytes, miR-762, miR-744, miR-92a, miR-1892, miR-150, miR-669a,
miR-296-3p, miR-711, and miR-450a-3p were found to translocate into the mitochondria, whereas
miR-362-5p, miR-532-5p, miR-31, miR-139-5p, miR-330, and miR-379 were decreased in the
mitochondria [47]. Among them, miR-762 was demonstrated to decrease intracellular ATP levels and
to increase ROS levels in cardiomyocytes [47]. Although other nuclear-encoded miRNAs may also
regulate mitochondrial signaling and function [48], mitomiRs play a crucial role in post-transcriptional
regulation of gene expression related to mitochondrial function (e.g., energetics and apoptosis). It is of
interest to investigate the interaction of mitomiRs and other nuclear-encoded miRNAs to consummate
the molecular mechanisms underlying relevant diseases in the future. Collectively, these results
support a role for mitomiRs as a crucial regulator in maintaining metabolic homeostasis, which is
fundamentally important to cardiovascular health.

2.3. MitomiRs and Mitochondrial Fission/Fusion

The mitochondrion is a very dynamic cellular organelle regularly undergoing coordinated cycles
of fission and fusion (i.e., mitochondrial dynamics) [49]. Mitochondrial dynamics play important
roles in alleviating and removing damaged mitochondria [50]. Mitochondrial dynamics are of
critical importance in apoptosis, autophagy, inflammation, and contractile dysfunction [51–53].
Impaired dynamic mitochondrial behavior is frequently associated with cardiovascular diseases.
MitomiRs have been shown to regulate mitochondrial fission/fusion. Forty-two mitomiRs have
been reported in different cell types [54]. Of those, miR-146a, miR-34a, and miR-181a may regulate
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mitochondrial dynamics by targeting Bcl-2 [54]. Other mitomiRs have been demonstrated to directly
target mitochondrial fission/fusion proteins [40]. MiR-484 suppressed the expression of Fis1, leading to
reduced Fis1-mediated fission and apoptosis in cardiomyocytes [51]. Mitochondrial fission was also
suppressed by miR-30-mediated downregulation of dynamin-related protein (Drp1) and p53 [55].

3. MitomiR Function in Cardiac Health and Diseases

Mitochondrial metabolism and dynamics are essential for the biological processes in physiological
conditions, and alterations in either dynamics or metabolism could lead to cardiovascular disease
initiation and progression [56,57]. MitomiRs regulate mitochondrial energy status, glycolysis, and the
expression of genes necessary for mitochondrial metabolism to contribute to cardiovascular health
and pathogenesis [33]. For example, mitomiR miR-181c played a role in electron chain complex IV
remodeling in cardiomyocytes, with the levels enriched two-fold in the mitochondria compared to the
whole heart [31,58,59]. MiR-181c regulates mitochondrial gene expression and affects the functioning
of the mitochondria. Overexpression of miR-181c altered the levels of mRNA in the mitochondrial
complex IV genes in the heart and can lead to cardiac dysfunction by regulating mitochondrial
genes and reactive oxygen species (ROS) production [31,58,59]. Additionally, the downregulation of
miR-181a significantly inhibited cellular apoptosis induced by H2O2 [60]. Thus, mitomiRs-mediated
mitochondrial dysfunction is responsible not only for the initiation but also for the progression of
cardiovascular diseases. Table 1 highlights the role of mitomiRs in cardiovascular diseases.

Table 1. The role of mitomiRs in cardiac diseases.

miRNA Cell Type/Tissue Targeting Mitochondria Pathology Reference

miR-181c and
miR-378 Human and rat heart

fatty acid metabolism, electron transport
activity, and energy metabolism

pathways
Heart failure [33,58]

miR-696, miR-532,
miR-690,

miR-345-3p
Human heart

fatty acid biosynthesis, energy
metabolism, and oxidative stress

pathways
Heart failure [33]

miR-762 Neonatal rat cardiac myocytes,
pig and mouse heart

energy metabolism pathways (pyruvate
dehydrogenase kinase 4,

serum/glucocorticoid-regulated kinase 1),
and mitochondrial fusion regulators

Ischemic
heart disease [61–63]

miR-210
Fetal rat cardiomyocytes,

and mouse embryonic
fibroblasts

energy metabolism and oxidative stress
pathways (mitochondrial iron-sulfur

cluster homologue (ISCU1/2))

Ischemic
heart disease [64–66]

miR-146a
Human and mouse heart,

and neonatal rat
cardiomyocytes

energy metabolism and oxidative stress
pathways (dihydrolipoamide

succinyltransferase (DLST)

Cardiac
hypertrophy [67]

miR-1 Mouse heart mitochondrial calcium signaling (the
mitochondrial calcium uniporter (MCU))

Cardiac
hypertrophy [64–66]

miR-30 Neonatal rat cardiac cells and
rat heart

mitochondrial apoptosis signaling (Bcl-2
and Bnip3L/Nix) and the mitochondrial

fission regulator dynamin-related protein
1 (Drp1)

Cardiac
hypertroph [55,68]

miR-485-5p Neonatal rat cardiomyocytes
and mouse heart

mitochondrial fusion-fission regulators
(mitochondrial anchored protein ligase

and mitochondrial fusion protein2
(Mfn2))

Cardiac
hypertrophy [69]

miRNA-378 Mouse heart and HL-1
cardiomyocyte ATP synthase membrane subunit 6 Diabetic heart [70,71]

miR-92a Neonatal rat cardiac myocytes,
and mouse heart mitochondrial gene cytochrome-b Diabetic heart [72]

3.1. Heart Failure

Mitochondrial dysfunction is associated with the development of heart failure (HF). Mitochondria
occupy nearly a third of cardiomyocyte volume and are essential for energy production, signal
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transduction, cell death, and ROS generation. The lack of balance between ATP demand and
production is a defining feature in HF development. Various mitomiRs contribute to the altered
energy metabolism, oxidative stress, cell survival, and apoptosis in HF [17,33,40]. Changes in
these miRNAs influence the occurrence and progression of HF. MitomiRs such as miR-181c and
miR-378 regulated particular pathways such as fatty acid metabolism, alteration in electron transport,
and apoptosis under metabolic stress, and aided in mitochondrial energy metabolism [33,58]. MiR-696,
miR-532, miR-690, and miR-345-3p were elevated in mitochondria of failing hearts and associated
with energy metabolism and oxidative stress pathway [33]. MiR-696 was found to target PGC-1α
to decrease both the biosynthesis of mitochondria (the mtDNA content) and fatty acid oxidation in
myocytes [73]. MiR-532-3p can directly target the apoptosis repressor with the caspase recruitment
domain and participate in mitochondrial fission and apoptosis in cardiomyocytes [74]. MiR-345
has been demonstrated as a cellular ATP regulator targeting genes involved in mitochondrial
energy metabolism during myoblasts differentiation [75]. Other nuclear-encoded miRNAs may
also regulate mitochondrial metabolism and function. For example, miR-195 induction was
found to be along with decreased expression of mitochondrial deacetylase SIRT3 in failing human
myocardium [76]. MiR-195 downregulated SIRT3 expression through direct 3′-UTR targeting in
AC16 human cardiomyocyte-like cells, and MiR-195 KO transgenic mice exhibited reduced SIRT3
expression levels associated with hyperacetylation of key metabolic enzymes and energy depletion,
leading to cardiac remodeling and heart failure [76]. It is intriguing to explore the possibility of
more nuclear-encoded mitomiRs in mediating nuclear-mitochondria communication mechanisms
underlying mitochondria-relevant diseases.

3.2. Ischemic Heart Disease

Various miRNAs regulate myocardium remodeling resulted from ischemia/reperfusion injury
in ischemic heart disease [77]. Alterations in miRNA expression occur following the activation of
stress signaling pathways [77,78]. It has been demonstrated that miRNAs contribute to ischemic
heart disease by regulating the expression of various key mitochondrial elements in cell survival and
death [40,79]. The expression of mitomiRs miR-762 and miR-210 were upregulated in myocardial
infarction, while miR-1 was down-regulated [40]. MiR-1 has been demonstrated to regulate the
mitochondrial electron transport chain (ETC) by targeting the mitochondrial gene cytochrome c oxidase
subunit 1 (mt-COX1), and the mitochondrial gene NADH dehydrogenase subunit 1 (mt-ND1) in the ETC
networks in the heart [44]. MiR-762 was recently found to largely translocate to the mitochondria and
was markedly upregulated by hypoxia/reoxygenation in cardiomyocytes [47]; this directly decreased
ND2 translation to decrease mitochondrial complex I enzyme activity, decrease intracellular ATP
levels, increase ROS levels, and increase apoptosis in cardiomyocytes [47]. Also, knockdown of
miR-762 attenuated myocardial ischemia/reperfusion injury in mice [47]. Mechanistically, we showed
that enforced expression of miR-762 dramatically decreased the protein levels of endogenous ND2
but had no effect on the transcript levels of ND2. Recently, miR-210 has been reported as one of
several hypoxia-induced miRNAs critical for cell survival and angiogenesis. Emerging evidence
has demonstrated that the induction of miR-210-3p, a robust target of hypoxia-inducible factors, is a
consistent feature of the hypoxic response in many cell types, and its overexpression has been detected
in a variety of diseases with hypoxic components [80–87]. MiR-210 has been demonstrated to repress
mitochondrial function by directly targeting 3′UTR of mitochondrial proteins such as mitochondrial
iron-sulfur cluster homolog (ISCU), COX10, succinate dehydrogenase complex subunit D, and complex
III [64–66]. In the heart, hypoxia-induced miR-210 has been reported to directly repress the expression
of ISCU1/2 to impair mitochondrial respiration and potentially other iron-sulfur clusters dependent
functions such as iron metabolism and ROS generation [88]. It should be noted that the controversial
effects of miR-210 on cardiomyocytes under hypoxia conditions have been reported. Sun et al. and our
previous study demonstrated that miR-210 induced oxidative stress, inhibited mitochondrial function,
and promoted cell death in fetal cardiomyocytes [89,90]. However, Mutharasan et al. showed that
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overexpression of miR-210 reduced fetal cardiomyocyte death in response to oxidative stress and
reduced ROS production through Akt- and p53-dependent pathways [91]. Furthermore, overexpression
of miR-210 reduced cell death and improved cardiac function and angiogenesis after acute myocardial
infarction in vivo [84]. Collectively, the exact role of miR-210 targeting mitochondria in ischemic
heart disease remains unclear. Given the crucial role of mitochondria in ischemic heart diseases, it is
important to further investigate the role of miR-210 targeting mitochondria in other cell types such as
fibroblasts, inflammatory cells, and endothelial cells in the heart.

Other nuclear-encoded miRNAs have been found to directly regulate mitochondrial proteins
in the ischemic heart. For example, the upregulation of miR-15/16 family and miR-195 suppressed
ATP levels and induced mitochondrial fusion, by acting on their common target ADP-ribosylation
factor-like 2 to influence cardiomyocyte survival and contribute to myocardial infarction [61–63].
Inhibition of miR-15 family protected against ischemia/reperfusion heart injury in vivo through
directly de-repression of pyruvate dehydrogenase kinase 4 and serum/glucocorticoid-regulated kinase
1, which regulate mitochondrial function and apoptosis, respectively [61]. In contrast, among
miRNAs that were upregulated after cardiac stress, miR-499 and miR-214 had a protective function.
MiR-499 downregulated calcineurin and Drp-1, both involved in mitochondrial fission, to influence
cardiomyocyte apoptosis [53]. The upregulation of miR-499 reduced infarct size and apoptosis,
while its antagonization had an opposite effect [53]. Myocardial infarction also led to an increase in
miR-214, which boosted protection during ischemia by reducing calcium overload and promoting
cardiomyocyte survival, at least partly by inhibiting mitochondrial signaling, including cyclophilin
D, a regulator of the mitochondrial permeability transition pore and pro-apoptotic Bcl-2-like protein
11 [92]. Nuclear-encoded mitochondrial miRNAs may localize on the surface of the mitochondrion,
and this localization could enhance their translation. Therefore, three aspects for identification of
mitomiRs need further investigation: (1) to validate miRNAs translocating to mitochondria; (2) to
determine what nuclear-encoded mitochondrial miRNAs localize on the mitochondrial surface; (3) to
identify miRNAs that target the mRNAs on the mitochondrial surface.

3.3. Cardiac Hypertrophy

Redox homeostasis and mitochondrial dynamics control cardiac remodeling and cardiac
hypertrophy. MiRNAs targeting mitochondrial function and morphology regulation have been
revealed in this remodeling process. MitomiR-146a was found to be upregulated in the heart in both
mouse models of pressure overload and in patients who have aortic stenosis [67,93]. Mitochondrial
protein dihydrolipoamide succinyltransferase (DLST) is a potential target of miR-146a and functions as
a tricarboxylic acid [67]. AntimiR-146a treatment during pressure overload can give beneficial effects by
de-repressing DLST to create a favorable metabolic profile with preserved both glucose oxidation and
fatty acid oxidation in cardiomyocytes, which leads to diminished hypertrophy and an improvement
in cardiac function [67]. Recently, miR-1 was found to effectively bind to the mitochondrial calcium
uniporter (MCU) mRNA to influence mitochondrial Ca2+ flux, contributing to cardiac hypertrophy [48].
In addition, miR-30 has been reported to antagonize apoptosis of cardiac cells through negatively
regulating Drp1, an initiator of mitochondrial fission, Bcl-2, and Bnip3L/Nix, leading to apoptosis [55,68].
MiR-485-5p directly downregulated mitochondrial anchored protein ligase, an important contributor
in the mitochondrial fission process, and upregulated mitochondrial fusion protein 2 (Mfn2) in primary
hypertrophic cardiomyocytes [69]. In vivo, miR-485-5p agomir suppressed cardiac hypertrophy in
mice [69]. Thus, mitomiRs may be potential markers in cardiac hypertrophy and may negatively
or positively regulate the progression of pathological cardiac remodeling through modulation of
mitochondrial fusion-fission and function.

3.4. Diabetic Heart

Diabetes mellitus greatly increases the risk of and mortality from heart disease. Diabetic heart
diseases include coronary heart disease, heart failure, and diabetic cardiomyopathy. The diabetic heart
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is characterized by insulin resistance, reduced cellular glucose uptake and oxidation, and increased
mitochondrial fatty acid uptake and oxidative stress, mitochondrial dysfunction, and cardiomyocyte
apoptosis [94,95]. Recent studies revealed the aberrant expression of mitomiRs contributing to the
pathogenetic processes of diabetic heart diseases [71,72]. In the diabetic condition, ATP synthase
activity was shown to decrease, correlating with increased mitochondrial miRNA-378 in the heart.
Mitochondrial miRNA-378 acts as a potential target for reinstating cardiac mitochondrial bioenergetic
function and, consequently, cardiac pump function [70,71]. More recently, in type 2 diabetic heart,
miR-92a was found to be downregulated in cardiac mitochondria. MiR-92a can translocate into
mitochondria to counter mitochondrial gene cytochrome-b downregulation. Overexpression of
miR-92a enhanced mitochondrial translation and reduced ROS production and lipid deposition,
leading to improving diabetic cardiomyopathy [72].

Taken together, deregulated mitomiRs are potentially involved in the etiology and pathogenetic
processes of cardiac diseases. An in-depth understanding of the functional roles of mitomiRs
and molecular mechanisms, including their interaction with other nuclear-encoded miRNAs in the
pathogenesis of diabetic heart, remains to be further explored.

4. MitomiR Regulation of Angiogenesis

Angiogenesis refers to the formation of new blood vessels from preexisting ones. The process
is regulated by angiogenic factors and involves cell proliferation, tube formation, migration,
differentiation [96]. Angiogenesis plays an important role in physiological and pathological processes
such as aortic dissection, wound healing, the formation of granulation tissues, deep venous thrombosis,
stroke, atherosclerosis, tumor, and other angiogenic disorders [97]. As such, angiogenic regulation
becomes an essential therapeutic strategy for cancer and vascular diseases. Although less than
10% of the 400+ miRNAs identified in the human genome are involved in angiogenesis, miRNAs
play significant roles in angiogenesis [97]. Although the role of mitomiRs is still largely unknown,
some studies suggest that mitomiRs play a crucial role in angiogenesis via regulating mitochondrial
function and energy metabolism (Figure 2).

Figure 2. MitomiRs activity in vascular diseases: anti- or pro-angiogenic role. Some mitomiRs,
such as miR-181a, miR-34a, and miR-146a, inhibit angiogenesis through suppressing antioxidant and
anti-apoptotic mitochondrial protein to increase ROS production and cell apoptosis. Meanwhile, others,
such as miR-21 and miR-210, play a pro-angiogenic role through enhancing mitochondria-mediated
apoptosis pathways.

4.1. MiRNAs that Inhibit Angiogenesis

Several studies have documented that some mitomiRs promote mitochondrial dysfunction via Bcl-2
downregulation [98,99]. Bcl-2 is an antioxidant and antiapoptotic mitochondrial protein and regulates
mitochondrial fission/fusion [100,101]. The mitomiR-induced Bcl-2 deregulation may lead to a state of
dysfunctional mitochondria, increased oxidative stress, chronic low-grade inflammation, and increased
apoptosis rates in angiogenesis-related diseases. Giuliani et al. found that mitomiR-181a, -34a,
and -146a, were upregulated and localized to mitochondria and downregulated Bcl-2 in human aging
endothelial cells [98]. Further, overexpression of these mitomiRs was found to decrease Bcl-2 expression,
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leading to mitochondrial permeability transition pore opening, activation of caspase-1 and 3, and cell
apoptosis [98]. MitomiRs has been demonstrated to inhibit angiogenesis and vascularization [102];
however, the molecular mechanisms involved in mitomiRs-inhibited angiogenesis, with particular
emphasis on those associated with cardiovascular disease, need further investigation.

4.2. MiRNAs that Promote Angiogenesis

The stimulation of angiogenesis is a characteristic feature of hypoxia [103]. Hypoxia induces
both miR-21 and miR-210 [104]. In vivo inhibition of either miR-21 or miR-210 attenuated hypoxic
vasoconstriction and subsequent vascular remodeling [105]. Anti-miR-21 treatment downregulated
the anti-apoptotic mitochondrial membrane protein Bcl2, which blocked apoptotic cell death and
promotes tumor angiogenesis [106]. It also promotes the tube forming capacity of primary bovine
retinal microvascular endothelial cells [97]. Hypoxia-induced miR-210 was found in vascular
cell types, including murine and human pulmonary arterial endothelial cells, human aortic
endothelial cells, and human pulmonary arterial smooth muscle cells [88]. Hypoxia-induced miR-210
directly repressed the expression of ISCU1/2, leading to impairing mitochondrial respiration and
metabolism in vascular cells [88]. Recently, it has been shown that overexpression of miR-210 in
endothelial progenitor cells increases MMP and ATP levels, as well as decreases mitochondrion
fragmentation through reducing Drp1 expression and increasing Mfn2 expression, which reduces
hypoxia/reoxygenation-induced endothelial cell apoptosis, ROS overproduction, and angiogenic
dysfunction [107]. Yet, the roles and mechanisms of mitomiRs in targeting mitochondria and regulating
mitochondrial function in angiogenesis-associated cardiovascular disease remain largely unknown
and await further investigation.

5. Conclusions

Cardiovascular disease is the leading cause of morbidity and mortality worldwide. Despite
extensive studies on the pathogenesis, the underlying pathophysiological mechanisms are still not
fully understood. Not surprisingly, research of cardiovascular disease remains a very active field.
Accumulating evidence implicates aberrantly expressed miRNAs in human diseases, including
cardiovascular diseases. Recent studies have revealed the presence of miRNAs in the mitochondrion
and the regulation of mitochondrial function by these mitomiRs in both physiological and pathological
conditions of the cardiovascular system. These findings open a new field to explore novel molecular
mechanisms controlling mitochondrial gene expression in cardiovascular disease. Understanding
molecular mechanisms underlying mitomiRs modulation of cardiac dysfunction and angiogenesis will
facilitate developing effective therapeutic approaches for the management of cardiovascular diseases.

Author Contributions: Conceptualization, R.S. and L.Z.; writing—original draft preparation, R.S.; writing—review
and editing, R.S., X.-Q.H., and L.Z.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lamalice, L.; Le Boeuf, F.; Huot, J. Endothelial cell migration during angiogenesis. Circ. Res. 2007, 100,
782–794. [CrossRef] [PubMed]

2. De Smet, F.; Segura, I.; De Bock, K.; Hohensinner, P.J.; Carmeliet, P. Mechanisms of vessel branching: Filopodia
on endothelial tip cells lead the way. Arter. Thromb. Vasc. Biol. 2009, 29, 639–649. [CrossRef] [PubMed]

3. Vandekeere, S.; Dewerchin, M.; Carmeliet, P. Angiogenesis Revisited: An Overlooked Role of Endothelial
Cell Metabolism in Vessel Sprouting. Microcirculation 2015, 22, 509–517. [CrossRef] [PubMed]

4. Potente, M.; Carmeliet, P. The Link Between Angiogenesis and Endothelial Metabolism. Annu. Rev. Physiol.
2017, 79, 43–66. [CrossRef]

http://dx.doi.org/10.1161/01.RES.0000259593.07661.1e
http://www.ncbi.nlm.nih.gov/pubmed/17395884
http://dx.doi.org/10.1161/ATVBAHA.109.185165
http://www.ncbi.nlm.nih.gov/pubmed/19265031
http://dx.doi.org/10.1111/micc.12229
http://www.ncbi.nlm.nih.gov/pubmed/26250801
http://dx.doi.org/10.1146/annurev-physiol-021115-105134


Cells 2019, 8, 1475 9 of 13

5. Diebold, L.P.; Gil, H.J.; Gao, P.; Martinez, C.A.; Weinberg, S.E.; Chandel, N.S. Mitochondrial complex III is
necessary for endothelial cell proliferation during angiogenesis. Nat. Metab. 2019, 1, 158–171. [CrossRef]

6. Piquereau, J.; Caffin, F.; Novotova, M.; Lemaire, C.; Veksler, V.; Garnier, A.; Ventura-Clapier, R.; Joubert, F.
Mitochondrial dynamics in the adult cardiomyocytes: Which roles for a highly specialized cell? Front.
Physiol. 2013, 4, 102. [CrossRef]

7. Hwang, S.J.; Kim, W. Mitochondrial dynamics in the heart as a novel therapeutic target for cardioprotection.
Chonnam Med. J. 2013, 49, 101–107. [CrossRef]

8. Zhou, S.S.; Jin, J.P.; Wang, J.Q.; Zhang, Z.G.; Freedman, J.H.; Zheng, Y.; Cai, L. miRNAS in cardiovascular
diseases: Potential biomarkers, therapeutic targets and challenges. Acta. Pharm. Sin. 2018, 39, 1073–1084.
[CrossRef]

9. Reichard, A.; Asosingh, K. The role of mitochondria in angiogenesis. Mol. Biol. Rep. 2019, 46, 1393–1400.
[CrossRef]

10. Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159. [CrossRef]
11. Brown, D.A.; Perry, J.B.; Allen, M.E.; Sabbah, H.N.; Stauffer, B.L.; Shaikh, S.R.; Cleland, J.G.; Colucci, W.S.;

Butler, J.; Voors, A.A.; et al. Expert consensus document: Mitochondrial function as a therapeutic target in
heart failure. Nat. Rev. Cardiol. 2017, 14, 238–250. [CrossRef] [PubMed]

12. Chistiakov, D.A.; Shkurat, T.P.; Melnichenko, A.A.; Grechko, A.V.; Orekhov, A.N. The role of mitochondrial
dysfunction in cardiovascular disease: A brief review. Ann. Med. 2018, 50, 121–127. [CrossRef] [PubMed]

13. Wiedemann, N.; Pfanner, N. Mitochondrial Machineries for Protein Import and Assembly. Annu. Rev.
Biochem. 2017, 86, 685–714. [CrossRef] [PubMed]

14. Pfanner, N.; Warscheid, B.; Wiedemann, N. Mitochondrial proteins: From biogenesis to functional networks.
Nat. Rev. Mol. Cell Biol. 2019, 20, 267–284. [CrossRef] [PubMed]

15. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef]
[PubMed]

16. Broughton, J.P.; Lovci, M.T.; Huang, J.L.; Yeo, G.W.; Pasquinelli, A.E. Pairing beyond the Seed Supports
MicroRNA Targeting Specificity. Mol. Cell 2016, 64, 320–333. [CrossRef]

17. Wojciechowska, A.; Braniewska, A.; Kozar-Kaminska, K. MicroRNA in cardiovascular biology and disease.
Adv. Clin. Exp. Med. 2017, 26, 865–874. [CrossRef]

18. Fu, G.; Brkic, J.; Hayder, H.; Peng, C. MicroRNAs in Human Placental Development and Pregnancy
Complications. Int. J. Mol. Sci. 2013, 14, 5519–5544. [CrossRef]

19. Chen, C.Z.; Li, L.; Lodish, H.F.; Bartel, D.P. MicroRNAs modulate hematopoietic lineage differentiation.
Science 2004, 303, 83–86. [CrossRef]

20. Brennecke, J.; Hipfner, D.R.; Stark, A.; Russell, R.B.; Cohen, S.M. bantam encodes a developmentally regulated
microRNA that controls cell proliferation and regulates the proapoptotic gene hid in Drosophila. Cell 2003,
113, 25–36. [CrossRef]

21. Wilfred, B.R.; Wang, W.X.; Nelson, P.T. Energizing miRNA research: A review of the role of miRNAs in lipid
metabolism, with a prediction that miR-103/107 regulates human metabolic pathways. Mol. Genet. Metab.
2007, 91, 209–217. [CrossRef] [PubMed]

22. Trang, P.; Weidhaas, J.B.; Slack, F.J. MicroRNAs as potential cancer therapeutics. Oncogene 2008, 27, S52–S57.
[CrossRef] [PubMed]

23. Fasanaro, P.; Greco, S.; Ivan, M.; Capogrossi, M.C.; Martelli, F. microRNA: Emerging therapeutic targets in
acute ischemic diseases. Pharmacol. Ther. 2010, 125, 92–104. [CrossRef] [PubMed]

24. Hydbring, P.; Badalian-Very, G. Clinical applications of microRNAs. F1000Research 2013, 2, 136. [CrossRef]
25. Shi, L.; Liao, J.; Liu, B.; Zeng, F.; Zhang, L. Mechanisms and therapeutic potential of microRNAs in

hypertension. Drug Discov. Today 2015, 20, 1188–1204. [CrossRef]
26. Martinez, S.R.; Gay, M.S.; Zhang, L. Epigenetic mechanisms in heart development and disease. Drug Discov.

Today 2015, 20, 799–811. [CrossRef]
27. Li, B.; Meng, X.; Zhang, L. microRNAs and cardiac stem cells in heart development and disease. Drug Discov.

Today 2019, 24, 233–240. [CrossRef]
28. Bian, Z.; Li, L.M.; Tang, R.; Hou, D.X.; Chen, X.; Zhang, C.Y.; Zen, K. Identification of mouse liver

mitochondria-associated miRNAs and their potential biological functions. Cell Res. 2010, 20, 1076–1078.
[CrossRef]

http://dx.doi.org/10.1038/s42255-018-0011-x
http://dx.doi.org/10.3389/fphys.2013.00102
http://dx.doi.org/10.4068/cmj.2013.49.3.101
http://dx.doi.org/10.1038/aps.2018.30
http://dx.doi.org/10.1007/s11033-018-4488-x
http://dx.doi.org/10.1016/j.cell.2012.02.035
http://dx.doi.org/10.1038/nrcardio.2016.203
http://www.ncbi.nlm.nih.gov/pubmed/28004807
http://dx.doi.org/10.1080/07853890.2017.1417631
http://www.ncbi.nlm.nih.gov/pubmed/29237304
http://dx.doi.org/10.1146/annurev-biochem-060815-014352
http://www.ncbi.nlm.nih.gov/pubmed/28301740
http://dx.doi.org/10.1038/s41580-018-0092-0
http://www.ncbi.nlm.nih.gov/pubmed/30626975
http://dx.doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
http://dx.doi.org/10.1016/j.molcel.2016.09.004
http://dx.doi.org/10.17219/acem/62915
http://dx.doi.org/10.3390/ijms14035519
http://dx.doi.org/10.1126/science.1091903
http://dx.doi.org/10.1016/S0092-8674(03)00231-9
http://dx.doi.org/10.1016/j.ymgme.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17521938
http://dx.doi.org/10.1038/onc.2009.353
http://www.ncbi.nlm.nih.gov/pubmed/19956180
http://dx.doi.org/10.1016/j.pharmthera.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19896977
http://dx.doi.org/10.12688/f1000research.2-136.v1
http://dx.doi.org/10.1016/j.drudis.2015.05.007
http://dx.doi.org/10.1016/j.drudis.2014.12.018
http://dx.doi.org/10.1016/j.drudis.2018.05.032
http://dx.doi.org/10.1038/cr.2010.119


Cells 2019, 8, 1475 10 of 13

29. Barrey, E.; Saint-Auret, G.; Bonnamy, B.; Damas, D.; Boyer, O.; Gidrol, X. Pre-microRNA and mature
microRNA in human mitochondria. PLoS ONE 2011, 6, e20220. [CrossRef]

30. Mercer, T.R.; Neph, S.; Dinger, M.E.; Crawford, J.; Smith, M.A.; Shearwood, A.M.; Haugen, E.; Bracken, C.P.;
Rackham, O.; Stamatoyannopoulos, J.A.; et al. The human mitochondrial transcriptome. Cell 2011, 146,
645–658. [CrossRef]

31. Das, S.; Ferlito, M.; Kent, O.A.; Fox-Talbot, K.; Wang, R.; Liu, D.; Raghavachari, N.; Yang, Y.; Wheelan, S.J.;
Murphy, E.; et al. Nuclear miRNA regulates the mitochondrial genome in the heart. Circ. Res. 2012, 110,
1596–1603. [CrossRef] [PubMed]

32. Fan, S.; Tian, T.; Chen, W.; Lv, X.; Lei, X.; Zhang, H.; Sun, S.; Cai, L.; Pan, G.; He, L.; et al. Mitochondrial miRNA
Determines Chemoresistance by Reprogramming Metabolism and Regulating Mitochondrial Transcription.
Cancer Res. 2019, 79, 1069–1084. [CrossRef] [PubMed]

33. Wang, X.; Song, C.; Zhou, X.; Han, X.; Li, J.; Wang, Z.; Shang, H.; Liu, Y.; Cao, H. Mitochondria Associated
MicroRNA Expression Profiling of Heart Failure. Biomed Res. Int. 2017, 2017, 4042509. [CrossRef] [PubMed]

34. Pinti, M.V.; Hathaway, Q.A.; Hollander, J.M. Role of microRNA in metabolic shift during heart failure. Am. J.
Physiol. Heart Circ. Physiol. 2017, 312, H33–H45. [CrossRef] [PubMed]

35. Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321–333. [CrossRef]
36. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
37. Wang, X.; Xu, X.; Ma, Z.; Huo, Y.; Xiao, Z.; Li, Y.; Wang, Y. Dynamic mechanisms for pre-miRNA binding and

export by Exportin-5. RNA 2011, 17, 1511–1528. [CrossRef]
38. Pratt, A.J.; MacRae, I.J. The RNA-induced silencing complex: A versatile gene-silencing machine. J. Biol.

Chem. 2009, 284, 17897–17901. [CrossRef]
39. Ipsaro, J.J.; Joshua-Tor, L. From guide to target: Molecular insights into eukaryotic RNA-interference

machinery. Nat. Struct. Mol. Biol. 2015, 22, 20–28. [CrossRef]
40. Srinivasan, H.; Das, S. Mitochondrial miRNA (MitomiR): A new player in cardiovascular health. Can. J.

Physiol. Pharm. 2015, 93, 855–861. [CrossRef]
41. Iwasaki, S.; Kobayashi, M.; Yoda, M.; Sakaguchi, Y.; Katsuma, S.; Suzuki, T.; Tomari, Y. Hsc70/Hsp90

chaperone machinery mediates ATP-dependent RISC loading of small RNA duplexes. Mol. Cell 2010, 39,
292–299. [CrossRef] [PubMed]

42. Khorsandi, S.E.; Salehi, S.; Cortes, M.; Vilca-Melendez, H.; Menon, K.; Srinivasan, P.; Prachalias, A.; Jassem, W.;
Heaton, N. An in silico argument for mitochondrial microRNA as a determinant of primary non function in
liver transplantation. Sci. Rep. 2018, 8, 3105. [CrossRef] [PubMed]

43. Liang, T.; Liu, C.; Ye, Z. Deep sequencing of small RNA repertoires in mice reveals metabolic
disorders-associated hepatic miRNAs. PLoS ONE 2013, 8, e80774. [CrossRef]

44. Zhang, X.; Zuo, X.; Yang, B.; Li, Z.; Xue, Y.; Zhou, Y.; Huang, J.; Zhao, X.; Zhou, J.; Yan, Y.; et al. MicroRNA
directly enhances mitochondrial translation during muscle differentiation. Cell 2014, 158, 607–619. [CrossRef]

45. Colleoni, F.; Padmanabhan, N.; Yung, H.W.; Watson, E.D.; Cetin, I.; Tissot van Patot, M.C.; Burton, G.J.;
Murray, A.J. Suppression of mitochondrial electron transport chain function in the hypoxic human placenta:
A role for miRNA-210 and protein synthesis inhibition. PLoS ONE 2013, 8, e55194. [CrossRef]

46. Aschrafi, A.; Schwechter, A.D.; Mameza, M.G.; Natera-Naranjo, O.; Gioio, A.E.; Kaplan, B.B. MicroRNA-338
regulates local cytochrome c oxidase IV mRNA levels and oxidative phosphorylation in the axons of
sympathetic neurons. J. Neurosci. 2008, 28, 12581–12590. [CrossRef]

47. Yan, K.; An, T.; Zhai, M.; Huang, Y.; Wang, Q.; Wang, Y.; Zhang, R.; Wang, T.; Liu, J.; Zhang, Y.; et al.
Mitochondrial miR-762 regulates apoptosis and myocardial infarction by impairing ND2. Cell Death Dis.
2019, 10, 500. [CrossRef]

48. Jaquenod De Giusti, C.; Roman, B.; Das, S. The Influence of MicroRNAs on Mitochondrial Calcium. Front.
Physiol. 2018, 9, 1291. [CrossRef]

49. McCarron, J.G.; Wilson, C.; Sandison, M.E.; Olson, M.L.; Girkin, J.M.; Saunter, C.; Chalmers, S. From structure
to function: Mitochondrial morphology, motion and shaping in vascular smooth muscle. J. Vasc. Res. 2013,
50, 357–371. [CrossRef]

50. Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062–1065.
[CrossRef]

51. Wang, K.; Long, B.; Jiao, J.Q.; Wang, J.X.; Liu, J.P.; Li, Q.; Li, P.F. miR-484 regulates mitochondrial network
through targeting Fis1. Nat. Commun. 2012, 3, 781. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0020220
http://dx.doi.org/10.1016/j.cell.2011.06.051
http://dx.doi.org/10.1161/CIRCRESAHA.112.267732
http://www.ncbi.nlm.nih.gov/pubmed/22518031
http://dx.doi.org/10.1158/0008-5472.CAN-18-2505
http://www.ncbi.nlm.nih.gov/pubmed/30659020
http://dx.doi.org/10.1155/2017/4042509
http://www.ncbi.nlm.nih.gov/pubmed/29147650
http://dx.doi.org/10.1152/ajpheart.00341.2016
http://www.ncbi.nlm.nih.gov/pubmed/27742689
http://dx.doi.org/10.1038/nrc3932
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1261/rna.2732611
http://dx.doi.org/10.1074/jbc.R900012200
http://dx.doi.org/10.1038/nsmb.2931
http://dx.doi.org/10.1139/cjpp-2014-0500
http://dx.doi.org/10.1016/j.molcel.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20605501
http://dx.doi.org/10.1038/s41598-018-21091-9
http://www.ncbi.nlm.nih.gov/pubmed/29449571
http://dx.doi.org/10.1371/journal.pone.0080774
http://dx.doi.org/10.1016/j.cell.2014.05.047
http://dx.doi.org/10.1371/journal.pone.0055194
http://dx.doi.org/10.1523/JNEUROSCI.3338-08.2008
http://dx.doi.org/10.1038/s41419-019-1734-7
http://dx.doi.org/10.3389/fphys.2018.01291
http://dx.doi.org/10.1159/000353883
http://dx.doi.org/10.1126/science.1219855
http://dx.doi.org/10.1038/ncomms1770
http://www.ncbi.nlm.nih.gov/pubmed/22510686


Cells 2019, 8, 1475 11 of 13

52. Duroux-Richard, I.; Roubert, C.; Ammari, M.; Presumey, J.; Grun, J.R.; Haupl, T.; Grutzkau, A.; Lecellier, C.H.;
Boitez, V.; Codogno, P.; et al. miR-125b controls monocyte adaptation to inflammation through mitochondrial
metabolism and dynamics. Blood 2016, 128, 3125–3136. [CrossRef] [PubMed]

53. Wang, J.X.; Jiao, J.Q.; Li, Q.; Long, B.; Wang, K.; Liu, J.P.; Li, Y.R.; Li, P.F. miR-499 regulates mitochondrial
dynamics by targeting calcineurin and dynamin-related protein-1. Nat. Med. 2011, 17, 71–78. [CrossRef]
[PubMed]

54. Rippo, M.R.; Olivieri, F.; Monsurro, V.; Prattichizzo, F.; Albertini, M.C.; Procopio, A.D. MitomiRs in human
inflamm-aging: A hypothesis involving miR-181a, miR-34a and miR-146a. Exp. Gerontol. 2014, 56, 154–163.
[CrossRef]

55. Li, J.; Donath, S.; Li, Y.; Qin, D.; Prabhakar, B.S.; Li, P. miR-30 regulates mitochondrial fission through
targeting p53 and the dynamin-related protein-1 pathway. PLoS Genet. 2010, 6, e1000795. [CrossRef]

56. Vasquez-Trincado, C.; Garcia-Carvajal, I.; Pennanen, C.; Parra, V.; Hill, J.A.; Rothermel, B.A.; Lavandero, S.
Mitochondrial dynamics, mitophagy and cardiovascular disease. J. Physiol. 2016, 594, 509–525. [CrossRef]

57. Siasos, G.; Tsigkou, V.; Kosmopoulos, M.; Theodosiadis, D.; Simantiris, S.; Tagkou, N.M.; Tsimpiktsioglou, A.;
Stampouloglou, P.K.; Oikonomou, E.; Mourouzis, K.; et al. Mitochondria and cardiovascular diseases-from
pathophysiology to treatment. Ann. Transl. Med. 2018, 6, 256. [CrossRef]

58. Das, S.; Bedja, D.; Campbell, N.; Dunkerly, B.; Chenna, V.; Maitra, A.; Steenbergen, C. miR-181c regulates the
mitochondrial genome, bioenergetics, and propensity for heart failure in vivo. PLoS ONE 2014, 9, e96820.
[CrossRef]

59. Das, S.; Kohr, M.; Dunkerly-Eyring, B.; Lee, D.I.; Bedja, D.; Kent, O.A.; Leung, A.K.; Henao-Mejia, J.;
Flavell, R.A.; Steenbergen, C. Divergent Effects of miR-181 Family Members on Myocardial Function Through
Protective Cytosolic and Detrimental Mitochondrial microRNA Targets. J. Am. Heart Assoc. 2017, 6.
[CrossRef]

60. Wang, L.; Huang, H.; Fan, Y.; Kong, B.; Hu, H.; Hu, K.; Guo, J.; Mei, Y.; Liu, W.L. Effects of downregulation of
microRNA-181a on H2O2-induced H9c2 cell apoptosis via the mitochondrial apoptotic pathway. Oxid. Med.
Cell Longev. 2014, 2014, 960362. [CrossRef]

61. Hullinger, T.G.; Montgomery, R.L.; Seto, A.G.; Dickinson, B.A.; Semus, H.M.; Lynch, J.M.; Dalby, C.M.;
Robinson, K.; Stack, C.; Latimer, P.A.; et al. Inhibition of miR-15 protects against cardiac ischemic injury. Circ.
Res. 2012, 110, 71–81. [CrossRef] [PubMed]

62. Nishi, H.; Ono, K.; Iwanaga, Y.; Horie, T.; Nagao, K.; Takemura, G.; Kinoshita, M.; Kuwabara, Y.; Mori, R.T.;
Hasegawa, K.; et al. MicroRNA-15b modulates cellular ATP levels and degenerates mitochondria via Arl2 in
neonatal rat cardiac myocytes. J. Biol. Chem. 2010, 285, 4920–4930. [CrossRef] [PubMed]

63. Hang, P.; Sun, C.; Guo, J.; Zhao, J.; Du, Z. BDNF-mediates Down-regulation of MicroRNA-195 Inhibits
Ischemic Cardiac Apoptosis in Rats. Int. J. Biol. Sci. 2016, 12, 979–989. [CrossRef] [PubMed]

64. Chen, Z.; Li, Y.; Zhang, H.; Huang, P.; Luthra, R. Hypoxia-regulated microRNA-210 modulates mitochondrial
function and decreases ISCU and COX10 expression. Oncogene 2010, 29, 4362–4368. [CrossRef]

65. Bienertova-Vasku, J.; Sana, J.; Slaby, O. The role of microRNAs in mitochondria in cancer. Cancer Lett. 2013,
336, 1–7. [CrossRef]

66. Puissegur, M.P.; Mazure, N.M.; Bertero, T.; Pradelli, L.; Grosso, S.; Robbe-Sermesant, K.; Maurin, T.;
Lebrigand, K.; Cardinaud, B.; Hofman, V.; et al. miR-210 is overexpressed in late stages of lung cancer and
mediates mitochondrial alterations associated with modulation of HIF-1 activity. Cell Death Differ. 2011, 18,
465–478. [CrossRef]

67. Heggermont, W.A.; Papageorgiou, A.P.; Quaegebeur, A.; Deckx, S.; Carai, P.; Verhesen, W.; Eelen, G.;
Schoors, S.; van Leeuwen, R.; Alekseev, S.; et al. Inhibition of MicroRNA-146a and Overexpression of Its
Target Dihydrolipoyl Succinyltransferase Protect Against Pressure Overload-Induced Cardiac Hypertrophy
and Dysfunction. Circulation 2017, 136, 747–761. [CrossRef]

68. Roca-Alonso, L.; Castellano, L.; Mills, A.; Dabrowska, A.F.; Sikkel, M.B.; Pellegrino, L.; Jacob, J.;
Frampton, A.E.; Krell, J.; Coombes, R.C.; et al. Myocardial MiR-30 downregulation triggered by doxorubicin
drives alterations in beta-adrenergic signaling and enhances apoptosis. Cell Death Dis. 2015, 6, e1754.
[CrossRef]

69. Zhao, Y.; Ponnusamy, M.; Liu, C.; Tian, J.; Dong, Y.; Gao, J.; Wang, C.; Zhang, Y.; Zhang, L.; Wang, K.; et al.
MiR-485-5p modulates mitochondrial fission through targeting mitochondrial anchored protein ligase in
cardiac hypertrophy. Biochim. Biophys. Acta. Mol. Basis Dis. 2017, 1863, 2871–2881. [CrossRef]

http://dx.doi.org/10.1182/blood-2016-02-697003
http://www.ncbi.nlm.nih.gov/pubmed/27702798
http://dx.doi.org/10.1038/nm.2282
http://www.ncbi.nlm.nih.gov/pubmed/21186368
http://dx.doi.org/10.1016/j.exger.2014.03.002
http://dx.doi.org/10.1371/annotation/4050116d-8daa-4b5a-99e9-34cdd13f6a26
http://dx.doi.org/10.1113/JP271301
http://dx.doi.org/10.21037/atm.2018.06.21
http://dx.doi.org/10.1371/journal.pone.0096820
http://dx.doi.org/10.1161/JAHA.116.004694
http://dx.doi.org/10.1155/2014/960362
http://dx.doi.org/10.1161/CIRCRESAHA.111.244442
http://www.ncbi.nlm.nih.gov/pubmed/22052914
http://dx.doi.org/10.1074/jbc.M109.082610
http://www.ncbi.nlm.nih.gov/pubmed/20007690
http://dx.doi.org/10.7150/ijbs.15071
http://www.ncbi.nlm.nih.gov/pubmed/27489501
http://dx.doi.org/10.1038/onc.2010.193
http://dx.doi.org/10.1016/j.canlet.2013.05.001
http://dx.doi.org/10.1038/cdd.2010.119
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.024171
http://dx.doi.org/10.1038/cddis.2015.89
http://dx.doi.org/10.1016/j.bbadis.2017.07.034


Cells 2019, 8, 1475 12 of 13

70. Shepherd, D.L.; Hathaway, Q.A.; Pinti, M.V.; Nichols, C.E.; Durr, A.J.; Sreekumar, S.; Hughes, K.M.; Stine, S.M.;
Martinez, I.; Hollander, J.M. Exploring the mitochondrial microRNA import pathway through Polynucleotide
Phosphorylase (PNPase). J. Mol. Cell Cardiol. 2017, 110, 15–25. [CrossRef]

71. Jagannathan, R.; Thapa, D.; Nichols, C.E.; Shepherd, D.L.; Stricker, J.C.; Croston, T.L.; Baseler, W.A.;
Lewis, S.E.; Martinez, I.; Hollander, J.M. Translational Regulation of the Mitochondrial Genome Following
Redistribution of Mitochondrial MicroRNA in the Diabetic Heart. Circ. Cardiovasc. Genet. 2015, 8, 785–802.
[CrossRef] [PubMed]

72. Li, H.; Dai, B.; Fan, J.; Chen, C.; Nie, X.; Yin, Z.; Zhao, Y.; Zhang, X.; Wang, D.W. The Different Roles of
miRNA-92a-2-5p and let-7b-5p in Mitochondrial Translation in db/db Mice. Mol. Ther. Nucleic Acids 2019, 17,
424–435. [CrossRef] [PubMed]

73. Aoi, W.; Naito, Y.; Mizushima, K.; Takanami, Y.; Kawai, Y.; Ichikawa, H.; Yoshikawa, T. The microRNA
miR-696 regulates PGC-1{alpha} in mouse skeletal muscle in response to physical activity. Am. J. Physiol.
Metab. 2010, 298, E799–E806. [CrossRef]

74. Wang, J.X.; Zhang, X.J.; Feng, C.; Sun, T.; Wang, K.; Wang, Y.; Zhou, L.Y.; Li, P.F. MicroRNA-532-3p regulates
mitochondrial fission through targeting apoptosis repressor with caspase recruitment domain in doxorubicin
cardiotoxicity. Cell Death Dis. 2015, 6, e1677. [CrossRef]

75. Siengdee, P.; Trakooljul, N.; Murani, E.; Schwerin, M.; Wimmers, K.; Ponsuksili, S. MicroRNAs Regulate
Cellular ATP Levels by Targeting Mitochondrial Energy Metabolism Genes during C2C12 Myoblast
Differentiation. PLoS ONE 2015, 10, e0127850. [CrossRef]

76. Zhang, X.; Ji, R.; Liao, X.; Castillero, E.; Kennel, P.J.; Brunjes, D.L.; Franz, M.; Mobius-Winkler, S.; Drosatos, K.;
George, I.; et al. MicroRNA-195 Regulates Metabolism in Failing Myocardium Via Alterations in Sirtuin 3
Expression and Mitochondrial Protein Acetylation. Circulation 2018, 137, 2052–2067. [CrossRef]

77. Mendell, J.T.; Olson, E.N. MicroRNAs in stress signaling and human disease. Cell 2012, 148, 1172–1187.
[CrossRef]

78. Engedal, N.; Zerovnik, E.; Rudov, A.; Galli, F.; Olivieri, F.; Procopio, A.D.; Rippo, M.R.; Monsurro, V.; Betti, M.;
Albertini, M.C. From Oxidative Stress Damage to Pathways, Networks, and Autophagy via MicroRNAs.
Oxid. Med. Cell Longev. 2018, 2018, 4968321. [CrossRef]

79. Fiedler, J.; Thum, T. MicroRNAs in myocardial infarction. Arter. Thromb. Vasc. Biol. 2013, 33, 201–205.
[CrossRef]

80. Corn, P.G. Hypoxic regulation of miR-210: Shrinking targets expand HIF-1’s influence. Cancer Biol. Ther.
2008, 7, 265–267. [CrossRef]

81. Huang, X.; Le, Q.T.; Giaccia, A.J. MiR-210—Micromanager of the hypoxia pathway. Trends Mol. Med. 2010,
16, 230–237. [CrossRef] [PubMed]

82. Devlin, C.; Greco, S.; Martelli, F.; Ivan, M. miR-210: More than a silent player in hypoxia. IUBMB Life 2011,
63, 94–100. [CrossRef] [PubMed]

83. Kelly, T.J.; Souza, A.L.; Clish, C.B.; Puigserver, P. A hypoxia-induced positive feedback loop promotes
hypoxia-inducible factor 1alpha stability through miR-210 suppression of glycerol-3-phosphate dehydrogenase
1-like. Mol. Cell Biol. 2011, 31, 2696–2706. [CrossRef] [PubMed]

84. Hu, S.; Huang, M.; Li, Z.; Jia, F.; Ghosh, Z.; Lijkwan, M.A.; Fasanaro, P.; Sun, N.; Wang, X.; Martelli, F.; et al.
MicroRNA-210 as a novel therapy for treatment of ischemic heart disease. Circulation 2010, 122, S124–S131.
[CrossRef]

85. Ma, Q.; Dasgupta, C.; Li, Y.; Bajwa, N.M.; Xiong, F.; Harding, B.; Hartman, R.; Zhang, L. Inhibition of
microRNA-210 provides neuroprotection in hypoxic-ischemic brain injury in neonatal rats. Neurobiol. Dis.
2016, 89, 202–212. [CrossRef]

86. Huang, L.; Ma, Q.; Li, Y.; Li, B.; Zhang, L. Inhibition of microRNA-210 suppresses pro-inflammatory response
and reduces acute brain injury of ischemic stroke in mice. Exp. Neurol. 2018, 300, 41–50. [CrossRef]

87. Li, B.; Dasgupta, C.; Huang, L.; Meng, X.; Zhang, L. MiRNA-210 induces microglial activation and regulates
microglia-mediated neuroinflammation in neonatal hypoxic-ischemic encephalopathy. Cell Mol. Immunol.
2019. [CrossRef]

88. Chan, S.Y.; Zhang, Y.Y.; Hemann, C.; Mahoney, C.E.; Zweier, J.L.; Loscalzo, J. MicroRNA-210 controls
mitochondrial metabolism during hypoxia by repressing the iron-sulfur cluster assembly proteins ISCU1/2.
Cell Metab. 2009, 10, 273–284. [CrossRef]

http://dx.doi.org/10.1016/j.yjmcc.2017.06.012
http://dx.doi.org/10.1161/CIRCGENETICS.115.001067
http://www.ncbi.nlm.nih.gov/pubmed/26377859
http://dx.doi.org/10.1016/j.omtn.2019.06.013
http://www.ncbi.nlm.nih.gov/pubmed/31319246
http://dx.doi.org/10.1152/ajpendo.00448.2009
http://dx.doi.org/10.1038/cddis.2015.41
http://dx.doi.org/10.1371/journal.pone.0127850
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.030486
http://dx.doi.org/10.1016/j.cell.2012.02.005
http://dx.doi.org/10.1155/2018/4968321
http://dx.doi.org/10.1161/ATVBAHA.112.300137
http://dx.doi.org/10.4161/cbt.7.2.5745
http://dx.doi.org/10.1016/j.molmed.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20434954
http://dx.doi.org/10.1002/iub.427
http://www.ncbi.nlm.nih.gov/pubmed/21360638
http://dx.doi.org/10.1128/MCB.01242-10
http://www.ncbi.nlm.nih.gov/pubmed/21555452
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.928424
http://dx.doi.org/10.1016/j.nbd.2016.02.011
http://dx.doi.org/10.1016/j.expneurol.2017.10.024
http://dx.doi.org/10.1038/s41423-019-0257-6
http://dx.doi.org/10.1016/j.cmet.2009.08.015


Cells 2019, 8, 1475 13 of 13

89. Sun, W.; Zhao, L.; Song, X.; Zhang, J.; Xing, Y.; Liu, N.; Yan, Y.; Li, Z.; Lu, Y.; Wu, J.; et al. MicroRNA-210
Modulates the Cellular Energy Metabolism Shift During H2O2-Induced Oxidative Stress by Repressing
ISCU in H9c2 Cardiomyocytes. Cell Physiol. Biochem. 2017, 43, 383–394. [CrossRef]

90. Martinez, S.R.; Ma, Q.; Dasgupta, C.; Meng, X.; Zhang, L. MicroRNA-210 suppresses glucocorticoid receptor
expression in response to hypoxia in fetal rat cardiomyocytes. Oncotarget 2017, 8, 80249–80264. [CrossRef]

91. Mutharasan, R.K.; Nagpal, V.; Ichikawa, Y.; Ardehali, H. microRNA-210 is upregulated in hypoxic cardiomyocytes
through Akt- and p53-dependent pathways and exerts cytoprotective effects. Am. J. Physiol. Heart Circ. Physiol.
2011, 301, H1519–H1530. [CrossRef] [PubMed]

92. Lv, G.; Shao, S.; Dong, H.; Bian, X.; Yang, X.; Dong, S. MicroRNA-214 protects cardiac myocytes against
H2O2-induced injury. J. Cell Biochem. 2014, 115, 93–101. [CrossRef] [PubMed]

93. Demkes, C.J.; van Rooij, E. MicroRNA-146a as a Regulator of Cardiac Energy Metabolism. Circulation 2017,
136, 762–764. [CrossRef] [PubMed]

94. Stanley, W.C.; Lopaschuk, G.D.; McCormack, J.G. Regulation of energy substrate metabolism in the diabetic
heart. Cardiovasc. Res. 1997, 34, 25–33. [CrossRef]

95. Duncan, J.G. Mitochondrial dysfunction in diabetic cardiomyopathy. Biochim. Biophys. Acta 2011, 1813,
1351–1359. [CrossRef] [PubMed]

96. Tahergorabi, Z.; Khazaei, M. A review on angiogenesis and its assays. Iran J. Basic. Med. Sci. 2012, 15,
1110–1126.

97. Sun, L.L.; Li, W.D.; Lei, F.R.; Li, X.Q. The regulatory role of microRNAs in angiogenesis-related diseases.
J. Cell Mol. Med. 2018, 22, 4568–4587. [CrossRef]

98. Giuliani, A.; Cirilli, I.; Prattichizzo, F.; Mensa, E.; Fulgenzi, G.; Sabbatinelli, J.; Graciotti, L.; Olivieri, F.;
Procopio, A.D.; Tiano, L.; et al. The mitomiR/Bcl-2 axis affects mitochondrial function and autophagic
vacuole formation in senescent endothelial cells. Aging 2018, 10, 2855–2873. [CrossRef]

99. Li, L.; Yuan, L.; Luo, J.; Gao, J.; Guo, J.; Xie, X. MiR-34a inhibits proliferation and migration of breast cancer
through down-regulation of Bcl-2 and SIRT1. Clin. Exp. Med. 2013, 13, 109–117. [CrossRef]

100. Susnow, N.; Zeng, L.; Margineantu, D.; Hockenbery, D.M. Bcl-2 family proteins as regulators of oxidative
stress. Semin. Cancer Biol. 2009, 19, 42–49. [CrossRef]

101. Autret, A.; Martin, S.J. Bcl-2 family proteins and mitochondrial fission/fusion dynamics. Cell Mol. Life Sci.
2010, 67, 1599–1606. [CrossRef] [PubMed]

102. Yang, C.; Tahiri, H.; Cai, C.; Gu, M.; Gagnon, C.; Hardy, P. microRNA-181a inhibits ocular neovascularization
by interfering with vascular endothelial growth factor expression. Cardiovasc. Ther. 2018, 36, e12329.
[CrossRef] [PubMed]

103. Harris, A.L. Hypoxia—A key regulatory factor in tumour growth. Nat. Rev. Cancer 2002, 2, 38–47. [CrossRef]
[PubMed]

104. Ivan, M.; Huang, X. miR-210: Fine-tuning the hypoxic response. Adv. Exp. Med. Biol. 2014, 772, 205–227.
[CrossRef]

105. Ranchoux, B.; Harvey, L.D.; Ayon, R.J.; Babicheva, A.; Bonnet, S.; Chan, S.Y.; Yuan, J.X.; Perez, V.J. Endothelial
dysfunction in pulmonary arterial hypertension: An evolving landscape (2017 Grover Conference Series).
Pulm Circ. 2018, 8. [CrossRef]

106. Melnik, B.C. MiR-21: An environmental driver of malignant melanoma? J. Transl Med. 2015, 13, 202.
[CrossRef]

107. Ma, X.; Wang, J.; Li, J.; Ma, C.; Chen, S.; Lei, W.; Yang, Y.; Liu, S.; Bihl, J.; Chen, C. Loading
MiR-210 in Endothelial Progenitor Cells Derived Exosomes Boosts Their Beneficial Effects on Hypoxia/

Reoxygeneation-Injured Human Endothelial Cells via Protecting Mitochondrial Function. Cell Physiol.
Biochem. 2018, 46, 664–675. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000480417
http://dx.doi.org/10.18632/oncotarget.17801
http://dx.doi.org/10.1152/ajpheart.01080.2010
http://www.ncbi.nlm.nih.gov/pubmed/21841015
http://dx.doi.org/10.1002/jcb.24636
http://www.ncbi.nlm.nih.gov/pubmed/23904244
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029703
http://www.ncbi.nlm.nih.gov/pubmed/28827220
http://dx.doi.org/10.1016/S0008-6363(97)00047-3
http://dx.doi.org/10.1016/j.bbamcr.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21256163
http://dx.doi.org/10.1111/jcmm.13700
http://dx.doi.org/10.18632/aging.101591
http://dx.doi.org/10.1007/s10238-012-0186-5
http://dx.doi.org/10.1016/j.semcancer.2008.12.002
http://dx.doi.org/10.1007/s00018-010-0286-x
http://www.ncbi.nlm.nih.gov/pubmed/20143248
http://dx.doi.org/10.1111/1755-5922.12329
http://www.ncbi.nlm.nih.gov/pubmed/29608244
http://dx.doi.org/10.1038/nrc704
http://www.ncbi.nlm.nih.gov/pubmed/11902584
http://dx.doi.org/10.1007/978-1-4614-5915-6_10
http://dx.doi.org/10.1177/2045893217752912
http://dx.doi.org/10.1186/s12967-015-0570-5
http://dx.doi.org/10.1159/000488635
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	MitomiR Regulation of Mitochondrial Functions 
	MitomiR Biogenesis 
	MitomiRs and Mitochondrial Energy Metabolism 
	MitomiRs and Mitochondrial Fission/Fusion 

	MitomiR Function in Cardiac Health and Diseases 
	Heart Failure 
	Ischemic Heart Disease 
	Cardiac Hypertrophy 
	Diabetic Heart 

	MitomiR Regulation of Angiogenesis 
	MiRNAs that Inhibit Angiogenesis 
	MiRNAs that Promote Angiogenesis 

	Conclusions 
	References

