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The heart is dependent on ATP production in mitochondria, which is closely associated

with cardiovascular disease because of the oxidative stress produced by mitochondria.

Mitochondria are highly dynamic organelles that constantly change their morphology to

elongated (fusion) or small and spherical (fission). These mitochondrial dynamics are

regulated by various small GTPases, Drp1, Fis1, Mitofusin, and Opa1. Mitochondrial

fission and fusion are essential to maintain a balance between mitochondrial biogenesis

and mitochondrial turnover. Recent studies have demonstrated that mitochondrial

dynamics play a crucial role in the development of cardiovascular diseases and

senescence. Disruptions in mitochondrial dynamics affect mitochondrial dysfunction and

cardiomyocyte survival leading to cardiac ischemia/reperfusion injury, cardiomyopathy,

and heart failure. Mitochondrial dynamics and reactive oxygen species production have

been associated with endothelial dysfunction, which in turn causes the development of

atherosclerosis, hypertension, and even pulmonary hypertension, including pulmonary

arterial hypertension and chronic thromboembolic pulmonary hypertension. Here, we

review the association between cardiovascular diseases and mitochondrial dynamics,

which may represent a potential therapeutic target.

Keywords: mitochondrial dynamics, fission and fusion, ischemia-reperfusion, heart failure, hypertension,

atherosclerosis, senescence, pulmonary hypertension

INTRODUCTION

There were 55.4 million deaths worldwide in 2019, and 74% of those deaths were
caused by non-communicable diseases, such as cardiovascular disease (CVD), stroke,
cancer, diabetes mellitus, hypertension, and atherosclerosis. Accordingly, about half of
the mortality rates due to non-communicable diseases are caused by CVD. There are
17.9 million deaths each year from CVD, which is estimated to be 32% of all deaths
worldwide in 2019. These deaths include ischemia-reperfusion (I/R), heart failure
(HF), hypertension (HTN), atherosclerosis, and pulmonary hypertension (PH) (1).
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Since the heart consumes a lot of energy for rhythmic
contraction, it highly depends on mitochondria, which produces
a total of 95% of ATP in a cardiomyocyte by oxidative
phosphorylation and thus plays a key role in cardiomyocyte
responses to various conditions of stress induced by CVD (2).
Mitochondria generate secondary reactive oxygen species (ROS)
upon ATP production. Mitochondrial dysfunction due to various
stresses increases secondary ROS, which is also responsible for
the development of CVD, such as atherosclerosis, myocardial
injury, and HF.

Mitochondria have dynamic states (fusion and fission) which
can change their morphology to meet various cardiomyocyte
functional demands. Mitochondrial fusion combines individual
mitochondrial membranes by stimulation, and conversely,
mitochondrial fission is marked by fragmentation of
mitochondria and mitochondrial networks in response to
stress, thus promoting removal of damaged mitochondria
and the generation of new mitochondria (3). Mitochondria
continuously bind by the fusion process and divide by the fission
process. Accumulated evidence suggests that mitochondrial
dynamics are associated with CVD and aging to maintain
mitochondrial quality control. In this review, we summarize the
current knowledge about the relationship betweenmitochondrial
dynamics and CVD.

MITOCHONDRIAL DYNAMICS IN
CARDIOMYOCYTES

Mitochondrial dynamics encompass the continuous processes
of mitochondrial fusion and fission, which maintain a balance
between mitochondrial biogenesis and turnover or apoptosis
(Figure 1) (4). Mitochondrial fission generates small, spherical
mitochondria, whereas fusion redistributes tubular or elongated
mitochondria (3). They are controlled by mitochondrial fission
and fusion proteins through opposing actions (5).

Mitochondrial fusion is controlled by small GTPases, such
as mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and Optic atrophy-
1 (Opa1). The 85kDa-GTPases Mfn1 and Mfn2 localize on the
outer mitochondrial membrane, whereas the 100kDa-GTPase
Opa1 is located on the inner mitochondrial membrane to
maintain the integrity of the cristae (6, 7). Each of these

Abbreviations: CVD, cardiovascular disease; I/R, ischemia-reperfusion; HF,
heart failure; HTN, hypertension; PH, pulmonary hypertension; ROS, reactive
oxygen species; Mfn1, mitofusin 1; Mfn2, mitofusin 2; Opa1, Optic-atrophy
1; KO, knockout; ERK, extracellular signal-regulated kinase; PINK1, PTEN-
induced kinase 1; Drp1, dynamin-related protein 1; Fis1, fission protein 1;
Mff, mitochondrial fission factor; mdivi-1, mitochondrial division inhibitor-1;
AMPK, Adenosine monophosphate-activated protein kinase-activated protein
kinase; LV, left ventricular; HFrEF, heart failure with reduced ejection fraction;
HFpEF, heart failure with preserved ejection fraction; RV, right ventricular;
mtDNA, mitochondrial DNA; ApoE, apolipoprotein E; VSMC, vascular smooth
muscle cell; AngII, angiotensin II; Angiotensin II type I receptor, AT1R; SHR,
spontaneously hypertensive rat; PAH, pulmonary arterial hypertension; CTEPH,
chronic thromboembolic pulmonary hypertension; PASMC, pulmonary arterial
smooth muscle cell; PAEC, pulmonary arterial endothelial cell; LC3, Microtubule-
associated protein light chain 3; AAA, abdominal aortic aneurysm; ox-LDL,
oxidized low-density lipoprotein.

fusion factors has a different role in cardiomyocytes. In cardiac-
specific Mfn1 knockout (KO) mice, mitochondria are smaller
than those in wild type, but heart function and size are
normal, and mitochondria still exert normal respiratory function
(8). Mitochondrial fragmentation induced by Mfn1 deletion is
not sufficient to cause dysfunction of the cardiomyocytes and
mitochondria. Conversely, the mitochondria of cardiomyocyte-
restricted deletion of Mfn2 are pleomorphic and enlarged. Mfn2
KO mice have mild mitochondrial dysfunction and display
modest cardiac hypertrophy and slight functional deterioration
(9). These results indicate that Mfn1 and Mfn2 have different
roles in regulating mitochondrial fusion. Mfn2 not only regulates
mitochondrial fusion, but also plays a crucial role in mediating
autophagosome-lysosome fusion in cardiomyocytes, which is
necessary for mature autophagy, and is accompanied by
autophagic degradation of damaged proteins and organelles,
including mitochondria (10). Moreover, Mfn2 is phosphorylated
by phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1) and serves as a receptor for the cytosolic E3 ubiquitin
ligase Parkin during mitochondria-targeted autophagy, which
is called “mitophagy” (11). This mitophagy is essential for
maintaining mitochondrial quality control by elimination of
damaged mitochondria. Another role for Mfn2 is mitochondrial-
endoplasmic reticulum tethering and Ca2+ transfer by engaging
in homotypic and heterotypic complexes with Mfn1 or Mfn2 on
the surface of mitochondria (12). Contraction of cardiomyocytes
is also involved in Ca2+ handling through regulation of Mfn2.
Cardiac contractions were not attenuated in Mfn1/Mfn2 double
KO mice treated with dobutamine. Whereas, Ca2+ transients
were not influenced by Mfn1/Mfn2 deletion, Mfn2 deletion
decreased mitochondrial Ca2+ uptake through reduction in
cardiomyocyte sarcoplasmic reticulum-mitochondrial contact.
Mfn2 regulated physical tethering of sarcoplasmic reticulum and
mitochondria, which is essential for normal interorganelle Ca2+

signaling in cardiomyocyte (13). As described above, Mfn1 and
Mfn2 are essential partners for outer mitochondrial membrane
fusion by induction of mitofusin trans-interactions (14).

In addition to Mfn1/2, Opa1 is also mitochondrial fusion
protein that maintains the structure of the cristae, which plays
crucial role in aerobic cellular respiration and ATP synthesis
(15, 16). Opa1 KO induces ROS and mitochondrial dysfunction
due to structural failure of the cristae, resulting in late-onset
cardiomyopathy (17). Opa1 homozygous KO is embryonic lethal
in mice, while Opa1 heterozygous KO mice die within 4
months (18). Opa1 heterozygous KO mice induce fragmentation
of mitochondria, disorganization of cristae structures, and
impair mitochondrial respiratory function (17). In contrast,
overexpression of Opa1 promotes fragmented mitochondria,
induces mitophagy, and increases antioxidant capacity, resulting
in cardiomyocyte protection against oxidative stress through
extracellular signal-regulated kinase (ERK) signaling (19). Taken
together, normal mitochondrial fusion is essential to maintain
normal cardiomyocyte function.

Mitochondrial fission is also regulated by small GTPases.
The ∼80 kDa GTPase dynamin-related protein-1 (Drp1) is a
fission factor and is mainly located in the cytosol as a dimer
or tetramer (20, 21). Drp1 is abundantly expressed in heart,
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FIGURE 1 | Molecular mechanisms of mitochondrial dynamics. (A) Mitochondrial fusion is controlled by Mfn1, Mfn2, and Opa1. Mfn1 and Mfn2 are located on the

outer mitochondrial membrane, whereas Opa1 is located on the inner mitochondrial membrane to maintain the integrity of the cristae. (B) Mitochondrial fission is

regulated by small GTPase Drp1. Drp1 is mainly localized in the cytosol, whereas Drp1 localizes to the outer mitochondrial membrane by several stimuli. Drp1 forms a

complex with the outer mitochondrial membrane proteins Mff, Mid, and Fis1 to drive the mitochondrial fission process. Deformation of the mitochondrial membrane is

caused by formation of the Drp1 complex, leading to mitochondrial division. Mid49/51; mitochondrial dynamics protein of 49 and 51 kDa.

skeletal muscle, kidney, and brain tissue (22). Drp1 is activated
when various stimuli gather around the mitochondria from the
cytoplasm and cause fission. When Drp1 is translocated from the
cytosol to outer mitochondrial membrane, Drp1 interacts with
the 17 kDa fission protein 1 (Fis1), mitochondrial fission factor
(Mff), and mitochondrial dynamics proteins of 49 and 51 kDa
to induce mitochondrial fission (23–26). Whereas, suppression
of either Drp1 or Fis1 remarkably inhibits mitochondrial
fission, overexpression of either Drp1 or Fis1 in cells promotes
mitochondrial fission (27–29). However, Drp1 and Fis1 appear
to have distinct roles. Drp1 mediated mitochondrial fission plays
key role in the regulation of cristae remodeling (27). While
overexpression of Fis1 promotes the clustering of fragmented
mitochondria around the nucleus, overexpression ofDrp1 results
in fragmented mitochondria scattered throughout the cell (29).
Fis1 knockdown influences neither the recruitment of Drp1
to mitochondria nor mitochondrial fission in HeLa cells and
HCT 116 cells. In cells with Mff knockdown, mitochondrial
localization of Drp1 is reduced, and Drp1 is dispersed in the
cytoplasm. Conversely, overexpression of Mff in cells induces
mitochondrial fission, leading to an increase in Drp1 recruitment
to mitochondria, indicating that Fis1 and Mff act as Drp1
receptors to facilitate mitochondrial fission (30). Fis1 also plays a
crucial role in plasma membrane Ca2+-ATPase activity induced
by the loss of subplasmalemmal mitochondria, indicating that
mitochondrial fission is involved in regulation of cellular calcium
homeostasis (29).

Interestingly, mice with cardiac-specific Mfn1/Mfn2/Drp1
triple KO have a longer life and a unique pathological form of
cardiac hypertrophy from that of Mfn1/Mfn2 double KO mice.
However, triple KO mice accumulate abnormal mitochondria
over time, leading to distortion of sarcomere architecture in
cardiomyocytes (31). On the other hand, sarcomere architecture
of cardiomyocyte in Mfn1/Mfn2 double KO mice is normal,
indicating that Drp1 mediated mitophagy might be essential in
maintaining normal sarcomere function (32).

From the above, mitochondrial dynamics play crucial roles
in regulating cellular homeostasis. We summarized the role
of mitochondrial dynamics in cardiomyocytes (Table 1). In
the following section, we discussed the role of mitochondrial
dynamics in response to CVD stress.

MITOCHONDRIAL DYNAMICS IN HEART
DISEASES

Mitochondrial Dynamics in
Ischemia-Reperfusion Injury
Mitochondrial dynamics are closely related to I/R injury.
Mitochondrial dynamics are changed remarkably following
reperfusion, thereafter demonstrating a rapid and extensive
fragmentation process in the mitochondria (9, 33). I/R injury
allows Drp1 to translocate to outer mitochondrial membrane,
causing excessive fission (34). I/R-induced mitochondrial fission
is also derived from the decrease of Mfn1, Mfn2, or Opa1
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TABLE 1 | Role of mitochondrial dynamics.

Models Species/tissue Phenotype References

Cardiac-specific Mfn1 KO Mouse heart Small mitochondria, Heart function and size are normal (8)

Mfn2 KO Mouse cardiomyocyte Mitochondrial dysfunction, cardiac hypertrophy (9)

Mfn2 Mouse heart Induction of autophagosome-lysosome fusion (10)

Mfn2 HeLa cell Mitochondrial-endoplasmic reticulum tethering and Ca2+ transfer (12)

Mfn2 Mouse heart Regulation of sarcoplasmic reticulum Ca2+ handling. (13)

Opa1 KO Mouse heart Mitochondrial dysfunction and structural failure of cristae (17)

Opa1 homozygous KO Mouse Embryonic lethal (18)

Opa1 heterozygous KO Mouse Death within 4 months (18)

Overexpression of Opa1 Rat H9C2 cell Cardiomyocyte protection (19)

Drp1 knockdown HeLa cell Attenuation of cristae remodeling and cytochrome c release during apoptosis (27)

Overexpression of Fis1 HeLa cell Promotion of clustering of fragmented mitochondria around the nucleus (29)

Overexpression of Drp1 HeLa cell Induction of fragmented mitochondria scattered throughout cell (29)

Mfn1/Mfn2/Drp1 KO Mouse cardiomyocyte Distortion of sarcomere architecture (31)

expression levels, leading to decreased respiratory function
which results in enhanced I/R-induced cardiomyocyte apoptosis
(35–37). I/R-stress facilitates mitochondrial depolarization
and induces secondary ROS, which attenuate mitofusins
and Opa1 expression. I/R injury increases miR-140 which
inhibits expression of Mfn1 in cardiomyocytes, interrupts
the mitochondrial network and exacerbates cardiomyocyte
apoptosis (38). In vitro experiments using cardiomyocytes
demonstrated that hypoxia upregulated Mfn2 (39). Other
in vivo experiments showed that I/R injury increased Mfn2
(40). Cardiac-specific Mfn2 KO mice under I/R show a great
loss of mitochondrial membrane potential and significant
decrease in survival ratio (10). In addition, cardiac-specific
Mfn1/Mfn2 double KO mice have a decreased infarct size
in the myocardium in response to I/R (41). These results
indicate that upregulation of Mfn2 following I/R may be an
adaptive cardioprotective response. Conversely, Mfn2 KO
delays mitochondrial permeability and transition pore opening,
preventing I/R injury in cardiomyocytes (9). Hence, the role
of Mfn2 against I/R injury is still controversial. Conversely,
Opa1 plays protective role in cardiomyocytes following I/R.
Opa1 expression was downregulated in cardiomyocytes with
I/R injury in vivo and in hypoxia-treated cardiomyocytes
in vitro (42). Opa1 heterozygous KO mice induce more
cardiomyocyte death under an I/R condition and subsequently
exhibit greater infarct size in the myocardium after exposure
to I/R than control (43). Mfn1 overexpression significantly
improves microvascular function under hypoxia conditions,
while Mfn2 overexpression protects cardiomyocytes from
I/R injury (44, 45). Opa1 overexpression induces mitophagy,
which improves hypoxia-treated cardiomyocyte damage and
cell viability (42). These results indicate that the enhancement
of mitochondrial fusion factors has a protective effect on the
ischemic heart.

On the other hand, detrimental effects of mitochondrial
fission on cardiomyocytes with I/R is related to Drp1 activation.
Administration of mitochondrial division inhibitor-1 (mdivi-1),
a specific inhibitor of Drp1, prior to I/R inhibited mitochondrial

fission and prevented the opening of the mitochondria
permeability transition pore, decreasing cell death and
infarct size in a murine model (46). Both mitochondrial
calcium overload and oxidative stress under I/R conditions
contribute to shifting mitochondrial dynamics toward
fission (33). Increased Ca2+ is a potent regulator of Drp1
following reperfusion, and miR-499 can counteract the
effects of Ca2+ overload on Drp1 activities (47, 48). Drp1
has five phosphorylation sites at serine 585, 616, 637, 656,
and 693, of which, serine 616, serine 637, and serine 656
participate in regulating Drp1 activation/inactivation and
mitochondrial fission in cardiomyocytes in I/R conditions
(33, 49–53). Accumulation of Ca2+ in the perfused heart
enhances the calcium-activated phosphatase calcineurin that
dephosphorylates Drp1 at serine 637, leading to mitochondrial
fragmentation and initiation of apoptosis (33). Pim-1 proto-
oncogene, serine/threonine kinase suppresses the mitochondrial
sequestration of Drp1 to sustain mitochondrial integrity
and protect cardiomyocytes from I/R insult. Comparatively,
protein kinase C δ contributes by facilitating phosphorylation
activation of Drp1 at serine 616, and thus induces mitochondrial
fragmentation (34, 54). Either inhibition of serine 637
phosphorylation by downregulation of Pim-1 or an increase
of serine 656 phosphorylation by protein kinase A stimulates
Drp1 activation to facilitate mitochondrial fission upon
I/R (51, 55). Drp1 is also involved in diastolic function
exacerbated by I/R. Dephosphorylation of Drp1 at serine
637 improved diastolic function in C57BL6/J I/R model
(33). Inhibition of Thrombospondin 1 improved E/e’ ratio
exacerbated by I/R in aging rat model through inactivation of
Drp1 (56).

From the above, the disturbance of mitochondrial
dynamics is a key phenomenon in myocardial I/R injury
which results in larger infarct volumes, cardiac cell death,
and dysfunction. Either promotion of mitochondrial fusion
and/or inhibition of mitochondrial fission may provide novel
therapeutic targets to improve and reduce the impact of
these injuries.
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Mitochondrial Dynamics in
Cardiomyopathy
Mitochondrial fusion and fission are affected by metabolic
signals (57). The balance between mitochondrial fission
and fusion is regulated by changes in nutrient availability
and metabolic demands, leading to adaptation of the
mitochondria to changing conditions. C57BL/6 mice fed a
high-fat diet experienced hyperlipidemia and hyperglycemia,
and activated Drp1 by phosphorylation at serine 616,
leading to induction of myocardial insulin resistance,
contractile dysfunction and cardiomyocyte death (58).
Lipid overload induced mitochondrial ROS and activated
Drp1 by downregulating phosphorylation at serine 637 and
upregulating phosphorylation at serine 616 by enhancing
A kinase anchoring protein 121 degradation in lipotoxic
cardiomyopathy (59).

Likewise, hyperglycemia in cardiomyocytes leads to Drp1-
mediated mitochondrial fragmentation and thus increases ROS
production. Alteration of mitochondrial energetics is closely
associated with the development of diabetic cardiomyopathy.
Compared to individuals without diabetes, patients with diabetes
have reduced mitochondrial function in cardiomyocytes related
to increased mitochondrial ROS and oxidative stress (60).
Patients with diabetic cardiomyopathy have a decreased length of
the intrafibrillar mitochondria in the heart. This morphological
change is associated with a reduction in Mfn1 expression
levels. Mfn1 expression is related to hemoglobin A1C, showing
that hyperglycemia drives remodeling of the mitochondria
(61). Hyperglycemia also induces the formation of short and
small mitochondria in a rapid response by Drp1 (62, 63).
Hyperglycemia activates phosphorylation of Drp1 at serine
616 and induces mitochondrial fission through Ca2+-mediated
ERK1/2 signaling in cardiac myoblast cells (63). Cardiomyocytes
in Zucker diabetic rats decrease the expression of Opa1
and Mfn2, and the phosphorylation of Drp1 at serine 637.
Conversely, phosphorylation of Drp1 at serine 616 is increased,
resulting in cardiomyocyte hypertrophy with abnormalities
in mitochondrial dynamics and calcium handling through
activation of the Orai1 calcium channel (64). Hyperglycemia
suppresses the expression of Opa1 and Mfn1 and promotes
that of Drp1 and Mfn2 in neonatal rat cardiomyocytes,
decreasing mitochondrial membrane potential and increasing
apoptosis (65). In human cardiomyocytes, an advanced glycation
end product related to diabetes mellitus activates ERK1/2
and O-linked-N-acetyl-glucosamine glycosylation (66). This O-
linked-N-acetyl-glucosamine glycosylation promotes expression
of Opa1, decreases phosphorylation of Drp1 at serine 637,
and contributes to mitochondrial fragmentation in a diabetic
murine cardiomyocyte model (67, 68). Increased myocardial
glucose decreases ATP production and myocardial glucose
delivery by acute hyperglycemia developed mitochondrial
dysfunction, causing contractile dysfunction in non-diabetic
mice. Moreover, O-linked-N-acetyl-glucosamine glycosylation
of the transcription factor specificity protein 1 causes glucose-
dependent transcriptional repression, indicating that reduction
of glucose utilization in diabetic cardiomyopathy might protect
against glucotoxicity (69).

Drp1-mediated mitochondrial fragmentation is linked to
insulin resistance in cardiomyocytes. Drp1-knockdown H9C2
cardiomyocytes exposed to H2O2 attenuate mitochondrial
dysfunction and myocardial insulin resistance (70). Lipotoxic
cardiomyopathy oversupplied by fatty acids is also related to
insulin resistance, due to the accumulation of ceramide content,
which increases expression levels of Drp1 and Mff (71).

Destruction of the mitochondrial quality control mechanisms
regulating mitochondrial dynamics and mitophagy are
related to dilated cardiomyopathy, which is characterized
by systolic dysfunction and dilated ventricles (72). End-stage
dilated cardiomyopathy is related to abnormally enhanced
fragmentation of the mitochondria (73). Cardiac-specific
Mfn1/Mfn2 double KO mice induce development of cardiac
dysfunction in 7 days, suggesting that inhibition of fusion
and induction of unopposed fission of mitochondria may
subsequently induce cardiac dysfunction (74, 75). Mitochondrial
fission is stimulated during HF due to Ca2+ overload.
Increased Ca2+ can be triggered by ROS and results in
rapid and transient mitochondrial fragmentation (76). Cardiac
expression of Mfn1 is clinically reduced in non-responders
who have cardiomyopathy that is resistant to current optimal,
conventional, multidisciplinary therapies. In one study using
neonatal rat ventricularmyocytes, suppression ofMfn1 decreased
mitochondrial function by inhibiting mitochondrial respiration
through the β-adrenergic receptor/cAMP/PKA/miR-140-5p
pathway, resulting in metabolic remodeling and HF. This
study indicates that Mfn1 may be a clinical biomarker of
non-responders in idiopathic dilated cardiomyopathy (77).

There have been various reports of drug-induced
cardiomyopathy. Among them, doxorubicin-associated
cardiomyopathy involves the regulation of mitochondrial
dynamics. Treatment of FVB/N mice with doxorubicin for
4 weeks decreased expression levels of Mfn2 and increased
those of Opa1 and Drp1. Doxorubicin also suppresses
mitochondrial respiration and oxygen consumption, and
accumulates autophagosomes due to impairment of the
lysosomal degradation process (78). Septic conditions both in
vitro and in vivo also contribute to mitochondrial dysfunction
in cardiomyocytes. Sepsis decreases cardiac mitochondrial
respiration and membrane potential while inducing ROS
production and excessive mitochondrial fission through the
interactions of Drp1 and Fis1 (79).

Chronic abnormal conditions in cardiomyocytes induce
mitochondrial energetic dysfunction with disrupted internal
structure, ROS-induced oxidative stress, and cell death.
Suppression of mitochondrial fission decreases initial ROS
production. While treatments for various cardiomyopathies
are being gradually investigated, further research is needed to
understand the mitochondrial dynamics of cardiomyopathy and
to identify new treatment targets.

Mitochondrial Dynamics in Heart Failure
Since the deletion of genes that regulate mitochondrial
dynamics can cause HF in vivo, the normal functions of
mitochondrial dynamics proteins may play key roles in
heart protection from stress and eventual failure (80). For
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example, cardiac-specific Drp1 heterozygous KO mice induced
mitochondrial dysfunction and HF (81). Cardiac-specific Yme1L
KO changed cardiac metabolism by reducing Opa1 levels
through activation of Oma1, resulting in HF in mice (82). In
another mouse model, cardiac-specific Mfn2 KO increased the
proportion of enlarged mitochondria and induced mitochondrial
respiratory dysfunction (11). On the contrary, cardiac-specific
overexpression of miR-122, which is elevated in HF patients,
induced mitochondria-dependent cardiomyocyte apoptosis and
accelerated HF through activation of Drp1 by inhibition ofHeart
And Neural Crest Derivatives Expressed 2 (83).

Mitochondrial health in cardiomyocytes is maintained
through not only mitochondrial dynamics but also mitophagy,
which is the selective separation of damaged mitochondria by
autophagy. Importantly, mitochondrial dynamics andmitophagy
are closely correlated to each other (Figure 2). Indeed, Drp1
and Mfn2 play a key role in the induction of mitophagy.
Mitophagy is transiently activated in mice with transverse aortic
constriction, coinciding with mitochondrial translocation of
Drp1. Ablation of Drp1 caused downregulation of mitophagy
which facilitated cardiac dysfunction (84). Several other studies
also indicated that Drp1 mediated mitochondrial fission is
essential for induction of mitophagy (85, 86). Mitophagy in
cardiomyocytes is mediated by Parkin and PINK1. PINK1, in
normal mitochondria, lacks stability and is quickly degraded.
In contrast, PINK1 is stabilized in depolarized mitochondria,
allowing its accumulation and facilitating Parkin recruitment
from the cytosol to the depolarized mitochondria by Mfn2,
a pivotal mediator of mitophagy through the PINK1-Mfn2-
Parkin signaling pathway (87). PINK1 phosphorylates Mfn2,
which activates Parkin (88, 89). Parkin then ubiquitinates Mfn2
(90). P62 is then recruited and binds the Parkin-ubiquitinated
substrates, linking them to microtubule-associated protein light
chain 3 (LC3) (91). Mitochondria are engulfed by elongated
isolation membrane or Golgi body after elongation of the
isolation membrane. This forms the autophagosome, resulting in
degradation of the enclosed mitochondria (86, 91).

In this mechanism of mitophagy, PINK1 and Parkin
play crucial roles in maintaining mitochondrial function so
that insufficiency of mitophagy can induce damaged cellular
homeostasis, causing cardiomyopathy and eventually HF. PINK1
homozygous KO mice develop left ventricular (LV) dysfunction
and pathological cardiac hypertrophy, which is mediated by
increased oxidative stress and mitochondrial dysfunction in
cardiomyocytes (92). Cardiomyocytes in a rat HF model exhibit
increased ROS production derived from the mitochondria. In
this model, Mfn2 and Drp1 expression are downregulated by
about 50%, causing mitochondrial Parkin accumulation and
induction of mitophagy. This attenuates mitochondrial damage
through increased formation and consumption of ketone bodies,
indicating that modulation of mitochondrial dynamics and
mitophagy through Mfn2 and Drp1 regulation of ketone bodies
plays crucial role in cardioprotection against HF (93). Clinically,
however, the levels of PINK1 and Parkin are dramatically
downregulated in HF (92, 93). Taken together, mitochondrial
quality control through regulation of mitochondrial dynamics
and mitophagy is extremely important in HF. HF is classified

into HF with reduced ejection fraction (HFrEF) and HF
with preserved ejection fraction (HFpEF). However, there are
few reports relating mitochondrial dynamics to HFrEF and/or
HFpEF. Relative to normal heart tissue, mitochondrial fission
and cristae destruction are recognized in HFpEF, and these
structural abnormalities in mitochondria are even more evident
in HFrEF. Compared to normal heart tissue, HFrEF patient
samples show increased Drp1 and decreased PGC-1α levels,
while Mfn2 and Opa1 remain stable (94). Further investigation
is needed to establish any relationship between mitochondrial
dynamics, HFrEF, and HFpEF.

Ischemic HF is a chronic common disease but its relationship
with mitochondrial dynamics is complex. As previously
discussed, ischemic HF is associated with abnormalities in
mitochondrial dynamics. Inhibition of mitochondrial fission
reduces I/R injury in the heart (46). Opa1 expression is decreased
both in vivo and in vitro under ischemic conditions (42).
Opa1 mutant heart tissue exhibits increased ROS and damaged
mitochondrial function (18). These data suggest that suppressing
mitochondrial fission or increasing the fusion induced by I/R
may provide therapeutic targets.

In complex congenital heart disease patients, the right
ventricle is subject to pressure overload through regulation
of mitochondrial dynamics, resulting in right ventricular (RV)
hypertrophy and eventually RV failure. In RV tissues of a RV
failure mouse model, relative expression of Drp1 is increased,
while that of Opa1 is decreased, indicating that regulating
an optimal balance of mitochondrial dynamics may improve
mitochondrial dysfunction and delay the development of RV
failure (95).

Taken together, HF is characterized by increased
mitochondrial damage, which may exacerbate
cardiac dysfunction.

MITOCHONDRIAL DYNAMICS IN
VASCULAR DISEASES

Mitochondrial Dynamics in Atherosclerosis
Atherosclerotic plaque is formed by lipid accumulation at sites of
endothelial damage and dysfunction. The lipids are susceptible
to oxidative modification by ROS, which are generated as a
byproduct of the respiratory chain (96). Mitochondrial DNA
(mtDNA) is vulnerable to damage because it lies close to the
site of ROS production through activation of poly (ADP-ribose)
polymerase 1, which is related to modulation of chromatin
structure and DNA repair. Hence, mtDNA damage is an early
event in atherogenesis (97, 98). Alteration in mitochondrial
antioxidant enzyme levels, such as manganese superoxide
dismutase, facilitates mtDNA damage in apolipoprotein E
(ApoE) KO mice (97). Damaged mtDNA is observed in the
circulating cells and hearts of patients with coronary artery
disease, suggesting that mtDNA damage may contribute to
the development of atherosclerosis (99). Recently, several
studies reported the relationship between mtDNA and
mitochondrial dynamics. mtDNA regulated stress-induced
metabolic complementation through Opa1, and was lost
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FIGURE 2 | Mitochondrial quality control by mitochondrial dynamics and mitophagy. Mitochondrial health is maintained through the interaction between mitochondrial

dynamics and mitophagy which is a selective separation of damaged mitochondria by autophagy. Stress induces mitochondrial fission, which divides stress-damaged

mitochondria by healthy and damaged parts. Damaged mitochondria result in accumulation of PINK1, which phosphorylates Mfn2, in turn activating Parkin. Parkin

then ubiquitinates Mfn2, and the Mfn2-Parkin interaction triggers mitophagy. P62 is recruited and binds the Parkin-ubiquitinated substrates, linking them to LC3.

Mitochondria are then engulfed after elongation of the isolation membrane, referred to as the autophagosome. Mitophagy by the PINK1-Mfn2-Parkin signaling

pathway is achieved by elimination of damaged mitochondria. P, phosphorylation; Ub, Ubiquitination.

by either Drp1 inhibition or overexpression of Opa1 (100–
102). Major risk factors for atherosclerosis, including HTN,
hyperlipidemia, smoking and diabetes mellitus, cause oxidative
stress and induce inflammation (103, 104). An increase in risk
factor-mediated oxidative stress lead to lipid peroxidation and
mtDNA damage, resulting in mitochondrial dysfunction (104).
Mitochondrial oxidative stress accelerated in high-fat-fed Low-
Density Lipoprotein receptor homozygous KO mice and induced
inflammation derived from macrophages through the nuclear
factor-κB/monocyte chemotactic protein-1 pathway (105).
However, whether dysregulation of mitochondrial dynamics
could cause mtDNA damage remains unknown.

Vascular smooth muscle cells (VSMC) are closely related
with plaque stability because they secrete the extracellular
matrix which forms a fibrous cap. Migration and proliferation
of VSMC cause the release of inflammatory factors that induce
VSMC apoptosis, fibrous cap thinning, and subsequent plaque
vulnerability (106). Inflammation and cell death are vital
processes driving plaque development and transition to a
vulnerable plaque phenotype (107). Thinning of the fibrous

cap and induced necrotic core area are features of vulnerable
plaques and were found in the bone marrow of ApoE KO mice.
Isolated monocytes from ApoE KO mice revealed mtDNA
damage and increased release of tumor necrosis factor alpha
and interleukin-1 beta (96). These findings are linked to
mechanisms of multiple diseases involving mitochondria and
inflammation. Generally, VSMC proliferation and migration
induced by inflammation result in pathological intimal
hypertrophy of arteries (108). Angiotensin II (AngII), a major
substrate of the renin–angiotensin system, induced VSMC
proliferation and migration by regulation of mitochondrial
fission and upregulation of mitogen-activated protein kinase
kinase/ERK signaling and matrix metalloproteinase 2. Moreover,
suppression of Drp1 by mdivi-1 attenuated VSMC proliferation
and migration by blocking cytosolic and mitochondrial ROS
production (109). Mfn2 also influenced VSMC proliferation
and apoptosis. AngII increased VSMC proliferation through
Mfn2 mediated Ras/Raf/mitogen-activated protein kinase kinase
/ERK signal (110). Mfn2 levels were decreased in ApoE KO
murine arteries, whereas overexpression of Mfn2 reduced
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VSMC proliferation (111). Platelet-derived growth factor-
induced VSMC dedifferentiation decreased 50% of Mfn2 levels,
resulting in induction of mitochondrial fission (112). Apelin-13,
associated with induction of VSMC proliferation, increased
expression of Drp1 and decreased that of Mfn1, Mfn2 and Opa1.
Moreover, human aortic VSMC proliferation was attenuated
by mdivi-1 (113). AngII also induced endothelial dysfunction,
cellular proliferation, and inflammation, contributing to
atherosclerosis through activation of protein kinase Cδ-
dependent phosphorylation of Drp1 at serine 616 (109, 114).
These results indicate that induction of mitochondrial fission and
reduction of fusion may both be related to the pathophysiology
of atherosclerosis.

Arterial media calcification is also one of the phenotypes
of atherosclerosis, and Drp1 is involved in this pathological
change. Osteogenic differentiation of human VSMC upregulated
Drp1 expression. However, Drp1 inhibition by mdivi-1 during
osteogenic differentiation attenuated matrix mineralization,
cytoskeletal rearrangement, and mitochondrial dysfunction, and
reduced type 1 collagen secretion and alkaline phosphatase
activity, leading to attenuation of VSMC calcification both
in vitro and in vivo (115). Moreover, lactate promoted Drp1
mediated mitochondrial fission through the nuclear receptor
subfamily 4 Group A member 1/DNA-dependent protein kinase
catalytic subunit /p53-pathway, and suppressed B-cell/CLL
lymphoma 2 interacting protein 3-related mitophagy, resulting
in arterial calcification (116).

Dynamic mitochondrial morphology is essential in the VSMC
response to environmental stimuli. Alteration of ROS production
resulting from damaged proteins, lipids, and DNA is associated
with atherosclerosis. Either induction of mitochondrial fission
and/or reduction of mitochondrial fusion by ROS production
may cause mitochondrial dysfunction and apoptosis, leading to
plaque progression in the arterial wall, VSMC proliferation, and
arterial calcification.

Mitochondrial Dynamics in Hypertension
As for the relationships among HTN, the vascular system,
and mitochondrial dynamics, Opa1 knockdown was reported
to induce apoptosis in VSMC. Administration of L-NAME,
a nonselective inhibitor of nitric oxide synthase, to Opa1
heterozygous KO mice caused greater HTN compared to wild
type (117). These in vitro and in vivo experiments indicate
that Opa1 has a protective role against HTN by regulating
endothelium-dependent relaxation to offset excessive ROS
production. On the other hand, Drp1 activation is closely related
to the development of HTN. Mitochondrial fission contributes
to the VSMC phenotypic switch, which plays a crucial role
in the pathogenesis of HTN. AngII-mediated mitochondrial
dysfunction in vivo by inducing phosphorylation of Drp1
at serine 616, while Drp1 inhibition by mdivi-1 ameliorated
mitochondrial dysfunction and prevented the AngII-induced
VSMC phenotypic switch, leading to suppression of HTN
(118). mdivi-1 reduced ROS production, cardiac hypertrophy
and fibrosis in high-salt fed rats (119). Furthermore, mdivi-
1 inhibited arterial constriction induced by endothelin-1,
contributing to suppression of HTN (120). These results suggest

that inhibition of mitochondrial fission by inactivating Drp1 may
help to ameliorate HTN.

Other treatments against the adverse effects induced by
HTN have been reported beyond direct manipulation of
Drp1 or calcium sensing receptors (118–121). Poly(ADP-
ribose) polymerase-inhibition prevented the development of LV
hypertrophy in spontaneously hypertensive rats (SHR) through
inactivation of Drp1 and activation of Opa1 and Mfn2 (122).
Adventitial remodeling, the phenotypic switch of adventitial
fibroblasts to myofibroblasts, is involved in HTN. Heat
shock protein 90 inhibition by 17-dimethylaminoethylamino-17-
demethoxygeldanamycin significantly suppressed AngII-induced
mitochondrial fission and adventitial remodeling through the
calcineurin/Drp1 pathway (123). Another report revealed that
heat shock protein 90 inhibition also attenuated abdominal aortic
aneurysm (AAA) in ApoE KOmice administered AngII (124). In
fact, expression of Drp1 was increased in AAA tissues of both
human sample and C57BL/6 administered with AngII and β-
aminopropionitrile. Moreover, Drp1 inhibition attenuated the
development of AAA size in ApoE KO mice treated with AngII.
These results indicate that mitochondrial fission induced by Drp1
activation is involved in progression of AAA (125).

HTN contributes to the development of not only
atherosclerotic cardiovascular diseases but also HF, through
induction of adverse cardiac remodeling and LV hypertrophy
(126). HTN-induced cardiac hypertrophy has been linked
to changes in metabolic substrate utilization, dysfunction
of the electron transport chain, and ATP synthesis (127).
Decreased alpha-subunit of the mitochondrial precursor of
ATP synthase was observed in LV hypertrophy in SHR (128).
Mitochondrial fusion has a protective role against HTN-
induced cardiac hypertrophy. The expression level of Mfn2 was
decreased in neonatal rat ventricular myocytes treated with
phenylephrine, which contributed to the induction of cardiac
hypertrophy (129). Calcium sensing receptor is also related
to pathological cardiac hypertrophy through regulation of
mitochondrial dynamics. Compared to wild type, SHR hearts
exhibit significant upregulation of Drp1, whereas Opa1 andMfn2
are downregulated. Calhex231, an inhibitor of calcium sensing
receptor, ameliorates these mitochondrial dynamics changes,
resulting in inhibition of apoptosis in hypertensive hearts (121).
Interestingly, alpha1 receptor agonists affect mitochondrial
fusion as well as fission, resulting in LV hypertrophy. Treatment
of alpha1-adrenergic agonist phenylephrine decreased expression
of Mfn2 in neonatal rat ventricular cardiomyocytes (129). On
the other hand, other alpha1-adrenergic agonist norepinephrine
induced mitochondrial fission through dephosphorylation of
Drp1 at serine 637 in rat cardiomyocytes (130).

As a result of HTN, mitochondrial fusion is suppressed,
whereas fission is induced. However, mitochondrial function in
compensatory hypertrophied myocardium is controversial.
Increased Mfn2 levels in SHR induced mitochondrial
impairment. Pomegranate extract suppressed oxidative stress
and alleviated mitochondrial function through activation
of adenosine monophosphate-activated protein kinase
(AMPK)/Nuclear factor-erythroid 2-related factor 2 signaling
(131). Further research is needed on the role of Mfn2 in
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HTN. Interestingly, moderate exercise increased Opa1 and
Mfn2 in wild type rats, whereas neither was affected in
SHR, indicating that aerobic exercise may not be involved in
modulating mitochondrial adaptive responses in patients with
HTN; therefore, prevention of HTN is important to maintain
mitochondrial function (132).

Mitochondrial Dynamics in Pulmonary
Hypertension
PH is defined by a mean pulmonary arterial pressure ≥25
mmHg and is characterized by severe disease with remodeling
of the vasculature and increased resistance, stiffness, and
fibrosis of the pulmonary artery. There are 5 types of PH
depending on the location of lesions, and among these 5
groups, pulmonary arterial hypertension (PAH) and chronic
thromboembolic pulmonary hypertension (CTEPH) are
the major pathophysiological presentations of PH, as the
pre-capillary type. RV failure is a major cause of death in
patients with PH including PAH and CTEPH. Alterations
in mitochondrial metabolism—notably impaired glucose
oxidation—and increased mitochondrial fission, leading to RV
dysfunction in PAH (133). Mitochondrial dynamics are involved
in cell proliferation and apoptosis-resistant phenotypes in PAH.
In PAH, the balance between fission and fusion is unstable due
to increased activation of Drp1 and decreased expression of
Mfn2; this tends to force mitochondrial dynamics toward fission
(134). Overexpression of Mfn2 increased mitochondrial fusion
and reduced proliferation in pulmonary arterial SMC (PASMC),
and inhibited proliferation of a medial thickness pulmonary
artery in a monocrotaline-treated PAH model rat. Knockdown
of phosphorylated Mfn2 at serine 442 in PASMC from PAH
patients attenuated proliferation, apoptosis, and cell cycle arrest
through PINK1 and/or protein kinase A (135). Since Mfn2 is
antiproliferative and proapoptotic, the increase in Mfn2 might
contribute to improving hemodynamics against PAH (136).
Unlike Mfn2, Mfn1 may contribute detrimentally to PAH. Mfn1
is increased both in hypoxia-induced PASMC and in mice in
a hypoxic environment. miR-125a inhibited hypoxia-induced
Mfn1 upregulation and PASMC proliferation, contributing
to prevention of pulmonary vascular remodeling (137).
Impaired RV function and fibrosis are related to upregulation
of mitochondrial dynamics protein of 51 kDa and proglycolytic
pyruvate kinase 2, contributing to promotion of ROS production
and a glycolytic shift (138). Drp1 is also closely related to
pulmonary vascular remodeling. Hypoxia inducible factor-1α
activation in human PAH caused mitochondrial fission by cyclin
B1/CDK1-dependent phosphorylation of Drp1 at serine 616.
Inhibition of Drp1 by mdivi-1 improved PAH pathologically
by arresting PASMC in the G2/M phase of the cell cycle (134).
High-mobility group box-1 is identified as a biomarker of PAH
pathogenesis due to its effect on pulmonary vascular remodeling
by promotion of PASMC proliferation and migration. This
occurs via activation of ERK/Drp1 mediated autophagy (139).
Drp1 inhibition by mdivi-1 attenuated not only mitochondrial
fragmentation but also endoplasmic reticulum stress in hypoxic
PASMC (140). Under hypoxic conditions, apoptosis in PASMC

was induced by ROS production through upregulation of Drp1
(141). One mechanism by which hypoxic conditions upregulate
Drp1 is the induction of hypoxia inducible factor-1α. This
pathway led to pulmonary vascular remodeling under hypoxia
(142). Taken together these results indicate that Drp1 inhibition
under hypoxic conditions may improve PAH. However, such
treatment may not be a complete solution for PAH. In addition
to PASMC, pulmonary arterial endothelial cells (PAEC) are
involved in the pathophysiology of PAH. Whereas, hypoxia
activated Drp1 and facilitated mitochondrial Ca2+-dependent
proliferation and migration in PAEC, inhibition of Drp1 induced
apoptosis resistance in PAEC, which may contribute to the
development of PAH (143).

CTEPH is a severe cause of PAH. Abnormal VSMC phenotype
switching is crucial to proliferative vascular remodeling in
CTEPH. In the pulmonary vessels of patients with CTEPH,
expression of phosphorylation of Drp1 at serine 616 was
upregulated, whereas that of Opa1 was downregulated.
Moreover, Wnt family member 5B contributed to VSMC
phenotype switching in CTEPH through CAMKII-dependent
phosphorylation of Drp1 at serine 616 (144). PAEC from patients
with CTEPH had decreased expression of Mfn1, Mfn2 and Opa1,
and increased ROS production (145). These results indicate that
CTEPH tends to force mitochondrial fission in the pulmonary
artery. Recent studies demonstrated that some miRNAs also
regulate mitochondrial dynamics, and these miRNAs are
involved in PAH, including CTEPH. We have recently been
reported that the miR-140-3p level was higher and the miR-
485-5p level was lower in patients with PAH and CTEPH than
those patients in the control group without PH. Such alteration
of miRNAs in our clinical study is thought to be related to the
change of mitochondrial dynamics to fission. Additionally, miR-
140-3p and miR-485-5p levels were related to hemodynamic
parameters. Whereas, there was no relationship between
miRNAs and SVO2 in either PAH or CTEPH, the miRNA-485-
5P level was related to right atrial pressure. In addition, the
miRNA-140 level was related to pulmonary vascular resistance
and the miRNA-485-5P level was related to cardiac index in
the PAH group. In the CTEPH group, the miRNA-485-5P level
was related to right atrial pressure. These our findings suggest
that mitochondrial dynamics-related circulating miRNAs may
play pivotal roles in regulating hemodynamic changes in clinical
PH (146).

From the above, mitochondrial fusion and fission proteins are
potential targets to improve PAH. However, there are few reports
on the relationship between mitochondrial dynamics and other
types of PAH, such as PAH associated with connective tissue
diseases, portal hypertension, HIV infection, and congenital
heart diseases, necessitating further studies.

MITOCHONDRIAL DYNAMICS IN
CARDIOVASCULAR SENESCENCE

Human blood vessels undergo structural and functional changes
with aging. Attention has recently been focused on mechanisms
behind aging-mediated vascular dysfunction, and there are
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increasing reports on the relationship between aging and
mitochondrial dynamics. Drp1 expression decreases with age,
resulting in impairment of angiogenic function. Endothelial
cell senescence promotes increased mitochondrial ROS through
Drp1 regulation. Interestingly, inhibition of Drp1 in young
human umbilical vein endothelial cells induced mitochondrial
dysfunction, ROS production, and angiogenic dysfunction,
whereas overexpression of Drp1 in senescent human umbilical
vein endothelial cells improved autophagosome clearance
and improved angiogenic function, leading to attenuation of
angiogenic dysfunction (147). In VSMC, Suppression of Krüppel-
like factor 5, transcription factor essential for cardiovascular
remodeling, induced vascular senescence through induction
of mitochondrial fission by increasing Drp1 and Fis1, while
decreasing Mfn1 (148).

Mitochondrial dysfunction can be induced in several
ways. For instance, hyperlipidemia can induce mitochondrial
dysfunction in arteries, leading to vascular senescence. Aging
can also induce mitochondrial dysfunction through the elevation
of interleukin-6 levels, associated with increased mitophagy
derived from LC3 dependent autophagy (149). Treatment of
VSMC with oxidized low-density lipoprotein (ox-LDL) induced
mitochondrial fission through activation of phosphorylation of
Drp1 at serine 616, and mitophagy derived from LC3-dependent
autophagy (150). Although all autophagy described here so far
has been LC3-dependent autophagy, recent studies show that
mitophagy derived from LC3-independent and Rab9-dependent
autophagy is also related to hyperlipidemia (151). Hence, the
existence of at least two forms of autophagy have been reported.
LC3-dependent conventional autophagy is well-described,
while Rab9-dependent alternative autophagy is still novel (152)
(Figure 3). In our experiments, administration of ox-LDL to

VSMC or the arteries of ApoE KO mice conferred premature
senescence accompanied by mitochondrial dysfunction.
This included excessive mitochondrial fission induced by
Drp1 activation via phosphorylation at serine 616. Either
administration of mdivi-1 or AngII type I receptor (AT1R)
inhibition ameliorated excessive mitochondrial fission,
mitochondrial dysfunction, and premature cellular/arterial
senescence through inactivation of Drp1 both in vivo and in vitro.
The beneficial effect of AT1R on mitochondria and premature
cellular/arterial senescence was caused by the inactivation of
Drp1 thorough the inhibition of the AT1R/CRAF/mitogen-
activated protein kinase kinase /ERK pathway. AT1R inhibition
also upregulated mitophagy derived from Rab9-dependent
autophagy, leading to the clearance of damaged mitochondria
to maintain mitochondrial quality control. Eventually, AT1R
inhibition also restored premature senescence in VSMC
treated with ox-LDL and in the arteries of ApoE KO mice.
(151). We have also reported the relationship between and
mitophagy derived from Rab9-dependent autophagy and
vascular senescence associated with estrogen deficiency. In
estrogen-free VSMC and ovariectomized mice, treatment with
17β-estradiol induced mitophagy derived from Rab9-dependent
autophagy through activation of the AMPK/ULK1/Rab9
pathway, leading to attenuation of mitochondrial dysfunction
and vascular senescence induced by estrogen deletion. However,
17β-estradiol-induced mitophagy did not regulate mitochondrial
dynamics factors (153). There are few reports on the relationship
between alternative autophagy and mitochondrial dynamics, and
thus the underlying mechanism is not clear.

Removal of senescent cells in aging mice attenuated
atherosclerosis, indicating that vascular senescence is one of the
strongest risk factors of pro-plaque formation (154). Therefore, it

FIGURE 3 | Conventional autophagy and Alternative autophagy. Mitophagy arises from two forms of autophagy. One is LC3-dependent conventional autophagy,

which requires Atg5/Atg7, and the other is LC3-independent, membrane trafficking protein Rab9-dependent alternative autophagy.
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TABLE 2 | Treatments of CVDs through regulation of mitochondrial dynamics.

Treatment/method Species/cell Effect of mitochondrial dynamics Result References

I/R RIPC Wistar rat with I/R injury Increase of Opa1 Decrease in MI size (35)

Irisin Hypoxia-treated cardiomyocyte Induction of Opa1-mediated

mitophagy

Inhibition of apoptosis (42)

Aerobic exercise Wistar rat with I/R injury Increase of Mfn1 and Mfn2 Decrease in MI size (155)

Cordycepin Diabetic mice with I/R injury Increase of Mfn2 Decrease in MI size (156)

Melatonin C57BL/6 with I/R injury Increase of Opa1 Improvement of apoptosis and

mitochondrial function

(157)

Melatonin Diabetic rat with I/R injury Inhibition of p-Drp1 (Ser616) Decrease in MI size and apoptosis (158)

Hydralazine C57BL/6N with I/R injury Drp1 inhibition Decrease in MI size (159)

Donepezil Wistar rat with I/R injury Inactivation of p-Drp1 (Ser616) and

activation of Mfn2 and Opa1

Improvement of apoptosis and

mitochondrial dysfunction

(160)

Diabetic CM BTP2 Zucker diabetic fat Inactivation of p-Drp1 (Ser616) and

activation of p-Drp1 (Ser637)

Improvement of cardiomyocyte

hypertrophy

(64)

Paeonol Sprague-Dawley rat cardiomyocytes

under high glucose condition

Increase of Opa1 Improvement of cardiomyocyte

hypertrophy and interstitial fibrosis

(161)

Dox-CM Klotho C57BL/6 treated with doxorubicin Inactivation of p-Drp1 (Ser616) Suppression of apoptosis (162)

Ischemic HF Sevoflurane postconditioning Sprague-Dawley rat with I/R injury Increase of Opa1and Decrease of

Drp1

Induction of mitophagy and

improvement of myocardial ATP

production

(164)

Nicorandil Rat with I/R injury Decrease of Drp1and increase of

Opa1 and Mfn1

Increase in opening of mitochondrial

ATP-sensitive potassium channel

(165)

SAMβA Rat treated with AngII Increase of Mfn1 Reduction of apoptotic cell death (166)

ATS ARB Rat VSMC Increase of Mfn2 Inhibition of cell proliferation (110)

Mdivi-1 Human VSMC Drp1 inhibition Attenuation of VSMC calcification (115)

Resveratrol HUVEC treated with palmitic acid Increase of Mfn1, Mfn2 and Opa1 Improvement of cell viability and

reduction of oxidative stress

(167)

Fish oil High-fat-fed ApoE KO mice Increase of Mfn1 and Opa1 Improvement of endothelial

dysfunction

(168)

Ferulic acid High-fat-fed ApoE KO mice and

Human mononuclear cell

Restored Mfn1 and Mfn2 which are

decreased by high fat diet

Inhibition of oxidative stress (169)

Coenzyme Q10 High-fat-fed ApoE KO mice Increase of Opa1 Inhibition of oxidative stress and

promotion of energy metabolism

(170)

Adiponectin Human VSMC Increase of Mfn2 Inhibition of cell proliferation (171)

Melatonin Rat VSMC Drp1 inhibition Inhibition of arterial calcification (172)

Irisin High-phosphorus-diet C57BL/6 Drp1 inhibition Inhibition of arterial calcification (173)

Quercetin Adenine-rich diet rat Inhibition of p-Drp1 (Ser616) Inhibition of arterial calcification (174)

HTN Mdivi-1 C57BL/6 treated with AngII Drp1 inhibition Inhibition of AngII-mediated

phenotypic switch

(118)

Mdivi-1 High-salt-fed rat Drp1 inhibition Inhibition of cardiac hypertrophy and

fibrosis

(119)

(Continued)
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is very important to prevent progression of vascular senescence
through improvement of vascular mitochondrial bioenergetics
and inflammation. However, there are still few reports about the
development of therapeutic strategies to improve senescence-
associated mitochondrial dysfunction through regulation of
mitochondrial dynamics, and thus further research is required.

TREATMENTS FOR CARDIOVASCULAR
DISEASES THROUGH REGULATION OF
MITOCHONDRIAL DYNAMICS

Recent several studies revealed that some kind of molecule
and exercise may be relevant therapeutic tools. In a Wistar
rat I/R model, aerobic exercise training increases levels of
Mfn1 and Mfn2, resulting in decreased infarct size (155).
Cordycepin also decreases infarct size in diabetic mouse
models by inducing mitochondrial fusion through AMPK/Mfn2
pathway (156). Treatment of irisin induced Opa1-mediated
mitophagy, which protected cardiomyocytes from further
damage following myocardial infarction. Opa1 knockdown
attenuates the cardioprotective effects of irisin, leading to
mitochondrial dysfunction due to increasing oxidative stress
(42). Remote ischemic preconditioning increases the expression
of Opa1 and decreases myocardial infarct size (35). Melatonin
activates AMPK/Opa1 axis-mediated mitochondrial fusion
and mitophagy, which improves cardiomyocyte death and
mitochondrial dysfunction following I/R injury (157). Moreover,
melatonin inactivates I/R injury-induced phosphorylation of
Drp1 at serine 616 and induces mitophagy in type 2 diabetic
rats through the Sirt 6/AMPK/peroxisome proliferators-activated
receptor-γ co-activator-1α/Akt pathway (158). Hydralazine
decreases the size of myocardial infarcts caused by cardiac
I/R injury through inactivation of Drp1 (159). However, the
inhibition of mitochondrial fission under I/R conditions should
be approached with caution. Inhibition of mitochondrial fission
by genetic deletion of Drp1 enhances cardiomyocyte injury
induced by I/R. In addition, mice treated with high dose
mdivi-1, which suppressed Drp1 activation followed by fission,
show a greater degree of myocardial damage by I/R than
control mice. This is likely because of excessive inhibition
of mitochondrial fission which suppresses mitophagy, thus
resulting in accumulation of abnormal mitochondria (81).
Therefore, further analysis is required to determine the optimal
balance between mitochondrial fission and fusion. Interestingly,
donepezil inactivates phosphorylation of Drp1 at serine 616,
activates Mfn2 and Opa1, and induces mitophagy, resulting in
improvement of ROS production, mitochondrial dysfunction,
and cardiac apoptosis under I/R conditions. Donepezil may
be an effective therapy to maintain the optimal balance of
mitochondrial dynamics after I/R injury (160).

Regulation of the mitochondrial quality control mechanisms
has also been associated with various types of cardiomyopathy.
Recently, investigations have assessed possible treatments
for such cardiomyopathies. Inhibition of Orai1-mediated
Ca2+ entry into the mitochondria suppresses Drp1-mediated
mitochondrial fission during hyperglycemia. This indicates
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that Orai1-inhibition may be a promising therapeutic target
for diabetic cardiomyopathy by suppressing mitochondrial
fission (64). Paeonol attenuates oxidative stress and apoptosis
and improves cardiac hypertrophy and interstitial fibrosis.
Paeonol activates Opa1-mediated mitochondrial fusion through
the casein kinase II subunit alpha-signal transducer and
activator of transcription 3pathway during diabetes in vitro and
in vivo (161). There is one report that Klotho ameliorates
doxorubicin-associated cardiomyopathy by suppressing
phosphorylation of Drp1 at serine 616 (162). Apart from
pharmacological treatment, exercise may also improve the
function of diabetic cardiomyocytes. In a diabetic mouse
model, exercise increases oxidative phosphorylation level
and mitochondrial membrane potential but decreases ROS
production and oxygen consumption, leading to improved blood
pressure and reduced systolic dysfunction (163).

Maintaining the balance of mitochondrial dynamics and
mitophagy may be a useful treatment target for various
HF pathologies including I/R injury and cardiomyopathy.
Sevoflurane postconditioning protects the heart from I/R injury
by decreasing Opa1 levels and increasing Drp1 and Parkin, and
stabilizes ATP levels by ameliorating mitochondrial impairment
in rat hearts (164). Treatment with nicorandil suppresses fission
and increases fusion through downregulation of Drp1 and
upregulation of Opa1 and Mfn1 in a rat model of ischemic
cardiomyopathy. Nicorandil also increases the opening of
mitochondrial ATP-sensitive potassium channels, resulting in
decreased myocardial pathological damage and apoptosis (165).
Although many treatments for HF, such as selective inhibition
of the Mfn1- beta II protein kinase C interaction, have been
studied (166), questions relating to the mechanisms of function
and pathogenesis remain, and further research is required.

Many studies suggest that certain foods, supplements,
and drugs can regulate mitochondrial dynamics to treat
atherosclerosis. A natural polyphenolic compound Resveratrol,
found in grapes and red wine, increased Mfn1, Mfn2 and
Opa1 expression, and attenuated damage caused to human
umbilical vein endothelial cells by oxidative stress through
the Tyrosyl-tRNA synthetase-Poly(ADP-Ribose) Polymerase 1
pathway (167). Dietary supplementation with fish oil prevented
endothelial dysfunction in high-fat-fed ApoE KO mice through
the induction of mitochondrial fusion by upregulation of Mfn2
and Opa1 (168). Ferulic acid, a bioactive component of rice bran,
restored Mfn1 and Mfn2, which were decreased by high fat diet,
and improved oxidative stress in high-fat-fedApoEKOmice. The
beneficial effects of ferulic acid were evident in vitro using human
mononuclear cells under hyperlipidemia conditions (169).
Coenzyme Q10 improved mitochondrial function, decreased
ROS production, and promoted energy metabolism by activating
the AMPK/YES-associated protein/Opa1 pathway, resulting
in attenuation of atherosclerosis (170). AT1R inhibitor and
adiponectin attenuated VSMC proliferation through Mfn2
mediated Ras/Raf/ERK signaling (110, 171). There are also
some reports about arterial calcification. Melatonin and irisin
attenuated arterial calcification by suppressing mitochondrial
fission through AMPK/Drp1 signaling (172, 173). Quercetin,
a type of polyphenol, also improved arterial calcification

FIGURE 4 | Dysregulation in mitochondrial dynamics causes CVD. Maintaining

optimal balance of mitochondrial fusion and fission plays a key role in

regulating the quality of cardiovascular homeostasis. I/R, Ischemia reperfusion.

through inactivation of phosphorylation of Drp1 at serine
616 (174).

There are some reports detailing small molecules as
treatments for PAH through the regulation of mitochondrial
dynamics. Dichlorpacetate, a pyruvate dehydrogenase kinase
inhibitor, improved RV fibrosis and hypertrophy in rats
treated with monocrotaline. This occurred through the DNA
methyltransferase 1/ Hypoxia inducible factor-1α/ pyruvate
dehydrogenase kinase/ Drp1 pathway (175). Treatment with
trimetazidine inhibited hypoxia-induced PASMC proliferation
through downregulation of Drp1 and upregulation of Mfn2
(176). Liraglutide, a glucagon-like peptide-1 receptor agonist,
inhibited the proliferation of PASMC via inactivation of
the Drp1/nicotinamide adenine dinucleotide phosphate
oxidase pathway and by LC3-dependent autophagy in
PAH (177).

In this section, we summarized many treatments
for CVD through the regulation of mitochondrial
dynamics (Table 2). However, development of medical
therapies targeting mitochondrial dynamics is still in the
infancy. As described above, there are few reports for
therapeutic target regarding of hypertension and vascular
senescence so that we did not note in this section. It
is imperative for future studies to investigate potential
therapeutic targets and tools for treating and preventing
CVD, and to determine the regulatory mechanisms of
mitochondrial dynamics.
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PERSPECTIVE

Here we reported that mitochondrial dynamics plays a
crucial role in CVD. Cardiac and vascular mitochondrial
function reduces with age, contributing to the development
of cardiovascular disease. As mentioned above, it could be
considered that mitochondrial fusion is beneficial, and fission
is detrimental, but this concept is not so clear. Although
many CVDs are metabolic disease associated with mitochondrial
dysfunction, mitochondrial dynamics might be an adaptive
response rather than a causative factor in most of the CVDs.
Mitochondrial fusion and fission contribute to the segregation
and removal of impaired organelles. Depolarized mitochondria
separated by mitochondrial fission are subsequently eliminated
by mitophagy. Hence, mitochondrial fission is essential for
inducing mitophagy to eliminate depolarized mitochondria.
This is consistent with the report that strong inhibition of
mitochondrial fission is rather harmful. Strong inhibition of Drp1
with high dose of mdivi-1 accumulated damaged mitochondria
and facilitated cardiac damage by I/R (81). We also confirmed
that high dose of mdivi-1 induced cellular senescence in VSMC
treated with ox-LDL (151). In addition, mitochondrial fusion
activator leflunomide used for the treatment rheumatoid arthritis

has an adverse effect on humans, resulting in development of
pulmonary hypertension (178).

In conclusion, dysregulation in mitochondrial dynamics has
been implicated inmanyCVDs, andmaintaining optimal balance
of mitochondrial fusion and fission most likely plays a key
role in regulating the quality of cardiovascular homeostasis and
subsequent function (Figure 4).

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and have approved it for publication.

FUNDING

This work was supported by the Japan Society for the
Promotion of Science KAKENHI (Grant Nos. JP19K07891 and
JP21K15649).

ACKNOWLEDGMENTS

We would like to thank Editage for English language editing.

REFERENCES

1. World Health Statistics 2021. Available online at: https://www.who.int/news-
room/fact-sheets/detail/the-top-10-causes-of-death

2. Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure:
implications beyond ATP production. Circ Res. (2013) 113:709–24.
doi: 10.1161/CIRCRESAHA.113.300376

3. Youle RJ, van der Bliek AM.Mitochondrial fission, fusion, and stress. Science.
(2012) 337:1062–5. doi: 10.1126/science.1219855

4. Suen DF, Norris KL, Youle RJ. Mitochondrial dynamics and apoptosis.Genes
Dev. (2008) 22:1577–90. doi: 10.1101/gad.1658508

5. Zhao J, Lendahl U, Nister M. Regulation of mitochondrial dynamics:
convergences and divergences between yeast and vertebrates. Cell Mol Life

Sci. (2013) 70:951–76. doi: 10.1007/s00018-012-1066-6
6. Santel A, Fuller MT. Control of mitochondrial morphology by a human

mitofusin. J Cell Sci. (2001) 114:867–74. doi: 10.1242/jcs.114.5.867
7. Cipolat S, Martins de. Brito O, Dal Zilio B, Scorrano L. OPA1 requires

mitofusin 1 to promotemitochondrial fusion. Proc Natl Acad Sci USA. (2004)
101:15927–32. doi: 10.1073/pnas.0407043101

8. Papanicolaou KN, Ngoh GA, Dabkowski ER, O’Connell KA, Ribeiro
RF Jr, Stanley WC, et al. Cardiomyocyte deletion of mitofusin-1 leads
to mitochondrial fragmentation and improves tolerance to ROS-induced
mitochondrial dysfunction and cell death. Am J Physiol Heart Circ Physiol.

(2012) 302:H167–79. doi: 10.1152/ajpheart.00833.2011
9. Papanicolaou KN, Khairallah RJ, Ngoh GA, Chikando A, Luptak I, O’Shea

KM, et al. Mitofusin-2 maintains mitochondrial structure and contributes
to stress-induced permeability transition in cardiac myocytes. Mol Cell Biol.

(2011) 31:1309–28. doi: 10.1128/MCB.00911-10
10. Zhao T, Huang X, Han L, Wang X, Cheng H, Zhao Y, et al. Central role of

mitofusin 2 in autophagosome–lysosome fusion in cardiomyocytes. J Biol
Chem. (2012) 287:23615–25. doi: 10.1074/jbc.M112.379164

11. Chen Y, Dorn GW 2nd. PINK1-phosphorylated mitofusin 2 is a Parkin
receptor for culling damaged mitochondria. Science. (2013) 340:471–5.
doi: 10.1126/science.1231031

12. de Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic reticulum
to mitochondria. Nature. (2008) 456:605–10. doi: 10.1038/nature
07534

13. Chen Y, Csordás G, Jowdy C, Schneider TG, Csordás N, Wang W, et al.
Mitofusin 2-containing mitochondrial-reticular microdomains direct rapid
cardiomyocyte bioenergetic responses via interorganelle Ca(2+) crosstalk.
Circ Res. (2012) 111:863–75. doi: 10.1161/CIRCRESAHA.112.266585

14. Hoppins S, Edlich F, Cleland MM, Banerjee S, McCaffery JM, Youle RJ, et al.
The soluble form of Bax regulatesmitochondrial fusion viaMFN2 homotypic
complexes.Mol Cell. (2011) 41:150–60. doi: 10.1016/j.molcel.2010.11.030

15. Mannella CA. Structure and dynamics of the mitochondrial inner
membrane cristae. Biochim Biophys Acta. (2006) 1763:542–8.
doi: 10.1016/j.bbamcr.2006.04.006

16. Olichon A, Baricault L, Gas N, Guillou E, Valette A, Belenguer P, et al.
Loss of OPA1 perturbates the mitochondrial inner membrane structure and
integrity, leading to cytochrome c release and apoptosis. J Biol Chem. (2003)
278:7743–6. doi: 10.1074/jbc.C200677200

17. Chen L, Liu T, Tran A, Lu X, Tomilov AA, Davies V, et al. OPA1
mutation and late-onset cardiomyopathy: mitochondrial dysfunction
and mtDNA instability. J Am Heart Assoc. (2012) 1:e003012.
doi: 10.1161/JAHA.112.003012

18. Davies VJ, Hollins AJ, Piechota MJ, Yip W, Davies JR, White KE, et al. OPA1
deficiency in a mouse model of autosomal dominant optic atrophy impairs
mitochondrial morphology, optic nerve structure and visual function. Hum
Mol Genet. (2007) 16:1307–18. doi: 10.1093/hmg/ddm079

19. Wang Y, Han Z, Xu Z, Zhang J. Protective effect of optic atrophy 1 on
cardiomyocyte oxidative stress: roles of mitophagy, mitochondrial fission,
and MAPK/ERK signaling. Oxid Med Cell Longev. (2021) 2021:3726885.
doi: 10.1155/2021/3726885

20. Bleazard W, McCaffery JM, King EJ, Bale S, Mozdy A, Tieu Q, et al. The
dynamin-related GTPase Dnm1 regulates mitochondrial fission in yeast.Nat
Cell Biol. (1999) 1:298–304. doi: 10.1038/13014

21. Fröhlich C, Grabiger S, Schwefel D, Faelber K, Rosenbaum E,
Mears J. Structural insights into oligomerization and mitochondrial
remodelling of dynamin 1-like protein. EMBO J. (2013) 32:1280–92.
doi: 10.1038/emboj.2013.74

22. Hamajima N, Matsuda K, Sakata S, Tamaki N, Sasaki M, Nonaka M,
et al. novel gene family defined by human dihydropyrimidinase and three
related proteins with differential tissue distribution. Gene. (1996) 180:157–
63. doi: 10.1016/S0378-1119(96)00445-3

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 May 2022 | Volume 9 | Article 905072

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1126/science.1219855
https://doi.org/10.1101/gad.1658508
https://doi.org/10.1007/s00018-012-1066-6
https://doi.org/10.1242/jcs.114.5.867
https://doi.org/10.1073/pnas.0407043101
https://doi.org/10.1152/ajpheart.00833.2011
https://doi.org/10.1128/MCB.00911-10
https://doi.org/10.1074/jbc.M112.379164
https://doi.org/10.1126/science.1231031
https://doi.org/10.1038/nature07534
https://doi.org/10.1161/CIRCRESAHA.112.266585
https://doi.org/10.1016/j.molcel.2010.11.030
https://doi.org/10.1016/j.bbamcr.2006.04.006
https://doi.org/10.1074/jbc.C200677200
https://doi.org/10.1161/JAHA.112.003012
https://doi.org/10.1093/hmg/ddm079
https://doi.org/10.1155/2021/3726885
https://doi.org/10.1038/13014
https://doi.org/10.1038/emboj.2013.74
https://doi.org/10.1016/S0378-1119(96)00445-3
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. Mitochondrial Dynamics and Cardiovascular Disease

23. Labrousse AM, Zappaterra MD, Rube DA, van der Bliek AMC. Elegans
dynamin-related protein DRP-1 controls severing of the mitochondrial outer
membrane.Mol Cell. (1999) 4:815–26. doi: 10.1016/S1097-2765(00)80391-3

24. Mozdy AD, McCaffery JM, Shaw JM. Dnm1p GTPase-mediated
mitochondrial fission is a multi-step process requiring the novel
integral membrane component Fis1p. J Cell Biol. (2000) 151:367–80.
doi: 10.1083/jcb.151.2.367

25. Gandre-Babbe S, van der Bliek AM. The novel tail-anchored membrane
protein Mff controls mitochondrial and peroxisomal fission in mammalian
cells.Mol Biol Cell. (2008) 19:2402–12. doi: 10.1091/mbc.e07-12-1287

26. Palmer CS, Osellame LD, Laine D, Koutsopoulos OS, Frazier AE, Ryan
MT. MiD49 and MiD51, new components of the mitochondrial fission
machinery. EMBO Rep. (2011) 12:565–73. doi: 10.1038/embor.2011.54

27. Otera H, Miyata N, Kuge O, Mihara K. Drp1-dependent mitochondrial
fission via MiD49/51 is essential for apoptotic cristae remodeling. J Cell Biol.
(2016) 212:531–44. doi: 10.1083/jcb.201508099

28. Cheng WC, Teng X, Park HK, Tucker CM, Dunham MJ, Hardwick JM.
Fis1 deficiency selects for compensatory mutations responsible for cell
death and growth control defects. Cell Death Differ. (2008) 15:1838–46.
doi: 10.1038/cdd.2008.117

29. Frieden M, Arnaudeau S, Castelbou C, Demaurex N. Subplasmalemmal
mitochondria modulate the activity of plasma membrane Ca2+-ATPases. J
Biol Chem. (2005) 280:43198–208. doi: 10.1074/jbc.M510279200

30. Otera H, Wang C, Cleland MM, Setoguchi K, Yokota S, Youle RJ, et al.
Mff is an essential factor for mitochondrial recruitment of Drp1 during
mitochondrial fission in mammalian cells. J Cell Biol. (2010) 191:1141–58.
doi: 10.1083/jcb.201007152

31. Song M, Franco A, Fleischer JA, Zhang L, Dorn GW 2nd.
Abrogating mitochondrial dynamics in mouse hearts accelerates
mitochondrial senescence. Cell Metab. (2017) 26: 872–83.e5.
doi: 10.1016/j.cmet.2017.09.023

32. Guo Y, Jardin BD, Zhou P, Sethi I, Akerberg BN, Toepfer CN,
et al. Hierarchical and stage-specific regulation of murine cardiomyocyte
maturation by serum response factor. Nat Commun. (2018) 9:3837.
doi: 10.1038/s41467-018-06347-2

33. Sharp WW, Fang YH, Han M, Zhang HJ, Hong Z, Banathy A,
et al. Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction
in myocardial ischemia-reperfusion injury: therapeutic benefits of Drp1
inhibition to reduce mitochondrial fission. FASEB J. (2014) 28:316–26.
doi: 10.1096/fj.12-226225

34. Din S, Mason M, Völkers M, Johnson B, Cottage CT, Wang Z, et al.
Pim-1 preserves mitochondrial morphology by inhibiting dynamin-related
protein 1 translocation. Proc Natl Acad Sci U S A. (2013) 110:5969–74.
doi: 10.1073/pnas.1213294110

35. Cellier L, Tamareille S, Kalakech H, Guillou S, Lenaers G, Prunier F, et al.
Remote ischemic conditioning influences mitochondrial dynamics. Shock.
(2016) 45:192–7. doi: 10.1097/SHK.0000000000000500

36. Dong G, Chen T, Ren X, Zhang Z, Huang W, Liu L, et al. Rg1 prevents
myocardial hypoxia/reoxygenation injury by regulating mitochondrial
dynamics imbalance via modulation of glutamate dehydrogenase and
mitofusin 2.Mitochondrion. (2016) 26:7–18. doi: 10.1016/j.mito.2015.11.003

37. Yang Y, Zhao L, Ma J. Penehyclidine hydrochloride preconditioning provides
cardiac protection in a rat model of myocardial ischemia/reperfusion injury
via the mechanism of mitochondrial dynamics mechanism. Eur J Pharmacol.

(2017) 813:130–9. doi: 10.1016/j.ejphar.2017.07.031
38. Li J, Li Y, Jiao J, Wang J, Li Y, Qin D, et al. Mitofusin 1 is negatively

regulated by microRNA 140 in cardiomyocyte apoptosis. Mol Cell Biol.

(2014) 34:1788–99. doi: 10.1128/MCB.00774-13
39. Shen T, Zheng M, Cao C, Chen C, Tang J, Zhang W, et al. Mitofusin-2 is a

major determinant of oxidative stress mediated heart muscle cell apoptosis. J
Biol Chem. (2007) 282:23354–61. doi: 10.1074/jbc.M702657200

40. Qin L, Yang W, Wang YX, Wang ZJ Li CC, Li M, Liu JY. MicroRNA-
497 promotes proliferation and inhibits apoptosis of cardiomyocytes
through the downregulation of Mfn2 in a mouse model of myocardial
ischemia-reperfusion injury. Biomed Pharmacother. (2018) 105:103–14.
doi: 10.1016/j.biopha.2018.04.181

41. Hall AR, Burke N, Dongworth RK, Kalkhoran SB, Dyson A, Vicencio
JM, et al. Hearts deficient in both Mfn1 and Mfn2 are protected

against acute myocardial infarction. Cell Death Disease. (2016) 7:e2238.
doi: 10.1038/cddis.2016.139

42. Xin T, Lu C. Irisin activates Opa1-induced mitophagy to protect
cardiomyocytes against apoptosis following myocardial infarction. Aging.
(2020) 12:4474–88. doi: 10.18632/aging.102899

43. Le Page S, Niro M, Fauconnier J, Cellier L, Tamareille S, Gharib A, et al.
Increase in cardiac ischemia-reperfusion injuries in Opa1+/– mouse model.
PLoS ONE. (2016) 11:e0164066. doi: 10.1371/journal.pone.0164066

44. Chen Y, Li S, Zhang Y, Wang M, Li X, Liu S, et al. The lncRNA Malat1
regulatesmicrovascular function aftermyocardial infarction inmice viamiR-
26b-5p/Mfn1 axis-mediated mitochondrial dynamics. Redox Biol. (2021)
41:101910. doi: 10.1016/j.redox.2021.101910

45. Olmedo I, Pino G, Riquelme JA, Aranguiz P, Díaz MC, López-
Crisosto C, et al. Inhibition of the proteasome preserves Mitofusin-2
and mitochondrial integrity, protecting cardiomyocytes during ischemia-
reperfusion injury. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165659.
doi: 10.1016/j.bbadis.2019.165659

46. Ong SB, Subrayan S, Lim SY, Yellon DM, Davidson SM, Hausenloy
DJ. Inhibiting mitochondrial fission protects the heart against
ischemia/reperfusion injury. Circulation. (2010) 121:2012–22.
doi: 10.1161/CIRCULATIONAHA.109.906610

47. Wang H, Zheng S, Liu M, Jia C, Wang S, Wang X, et al. The effect
of propofol on mitochondrial fission during oxygen-glucose deprivation
and reperfusion injury in rat hippocampal neurons. PLoS ONE. (2016)
11:e0165052. doi: 10.1371/journal.pone.0165052

48. Wang JX, Jiao JQ, Li Q. Long B,Wang K, Liu JP, et al.miR-499 regulates
mitochondrial dynamics by targeting calcineurin and dynamin-related
protein-1. Nat Med. (2011) 17:71–8. doi: 10.1038/nm.2282

49. Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic phosphorylation
of dynamin-related GTPase Drp1 participates in mitochondrial fission. J Biol
Chem. (2007) 282:11521–9. doi: 10.1074/jbc.M607279200

50. Wang S, Zhang F, Zhao G, Cheng Y,Wu T,Wu B, et al. Mitochondrial PKC-ε
deficiency promotes I/R-mediated myocardial injury via GSK3b-dependent
mitochondrial permeability transition pore opening. J Cell Mol Med. (2017)
21:2009–21. doi: 10.1111/jcmm.13121

51. Liu JD, Chen HJ, Wang DL, Wang H, Deng Q. Pim-1 Kinase
Regulating Dynamics Related Protein 1 Mediates Sevoflurane
Postconditioning-induced Cardioprotection.ChinMed J. (2017) 130:309–17.
doi: 10.4103/0366-6999.198922

52. Cribbs JT, Strack S. Reversible phosphorylation of Drp1 by cyclic AMP-
dependent protein kinase and calcineurin regulates mitochondrial fission
and cell death. EMBO Rep. (2007) 8:939–44. doi: 10.1038/sj.embor.74
01062

53. Chou CH, Lin CC, Yang MC, Wei CC, Liao HD, Lin RC, et al. GSK3beta-
mediated Drp1 phosphorylation induced elongated mitochondrial
morphology against oxidative stress. PLoS ONE. (2012) 7:e49112.
doi: 10.1371/journal.pone.0049112

54. Qi X, Disatnik MH, Shen N, Sobel RA, Mochly-Rosen D. Aberrant
mitochondrial fission in neurons induced by protein kinase C{delta}
under oxidative stress conditions in vivo. Mol Biol Cell. (2011) 22:256–65.
doi: 10.1091/mbc.e10-06-0551

55. Kamga Pride C, Mo L, Quesnelle K, Dagda RK, Murillo D, Geary L, et al.
Nitrite activates protein kinaseA in normoxia tomediate mitochondrial
fusion and tolerance to ischaemia/reperfusion. Cardiovasc Res. (2014)
101:57–68. doi: 10.1093/cvr/cvt224

56. Kelm NQ, Beare JE, Weber GJ, LeBlanc AJ. Thrombospondin-1 mediates
Drp-1 signaling following ischemia reperfusion in the aging heart. FASEB
Bioadv. (2020) 2:304–14. doi: 10.1096/fba.2019-00090

57. Benard G, Bellance N, James D, Parrone P, Fernandez H, Letellier T, et al.
Mitochondrial bioenergetics and structural network organization. J Cell Sci.
(2007) 120:838–48. doi: 10.1242/jcs.03381

58. Hu Q, Zhang H, Gutiérrez Cortés N, Wu D, Wang P, et al.
Increased Drp1 acetylation by lipid overload induces cardiomyocyte
death and heart dysfunction. Circ Res. (2020) 126:456–70.
doi: 10.1161/CIRCRESAHA.119.315252

59. Tsushima K, Bugger H, Wende AR, Soto J, Jenson GA, Tor AR,
et al. Mitochondrial reactive oxygen species in lipotoxic hearts
induce post-translational modifications of AKAP121, DRP1, and

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 May 2022 | Volume 9 | Article 905072

https://doi.org/10.1016/S1097-2765(00)80391-3
https://doi.org/10.1083/jcb.151.2.367
https://doi.org/10.1091/mbc.e07-12-1287
https://doi.org/10.1038/embor.2011.54
https://doi.org/10.1083/jcb.201508099
https://doi.org/10.1038/cdd.2008.117
https://doi.org/10.1074/jbc.M510279200
https://doi.org/10.1083/jcb.201007152
https://doi.org/10.1016/j.cmet.2017.09.023
https://doi.org/10.1038/s41467-018-06347-2
https://doi.org/10.1096/fj.12-226225
https://doi.org/10.1073/pnas.1213294110
https://doi.org/10.1097/SHK.0000000000000500
https://doi.org/10.1016/j.mito.2015.11.003
https://doi.org/10.1016/j.ejphar.2017.07.031
https://doi.org/10.1128/MCB.00774-13
https://doi.org/10.1074/jbc.M702657200
https://doi.org/10.1016/j.biopha.2018.04.181
https://doi.org/10.1038/cddis.2016.139
https://doi.org/10.18632/aging.102899
https://doi.org/10.1371/journal.pone.0164066
https://doi.org/10.1016/j.redox.2021.101910
https://doi.org/10.1016/j.bbadis.2019.165659
https://doi.org/10.1161/CIRCULATIONAHA.109.906610
https://doi.org/10.1371/journal.pone.0165052
https://doi.org/10.1038/nm.2282
https://doi.org/10.1074/jbc.M607279200
https://doi.org/10.1111/jcmm.13121
https://doi.org/10.4103/0366-6999.198922
https://doi.org/10.1038/sj.embor.7401062
https://doi.org/10.1371/journal.pone.0049112
https://doi.org/10.1091/mbc.e10-06-0551
https://doi.org/10.1093/cvr/cvt224
https://doi.org/10.1096/fba.2019-00090
https://doi.org/10.1242/jcs.03381
https://doi.org/10.1161/CIRCRESAHA.119.315252
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. Mitochondrial Dynamics and Cardiovascular Disease

OPA1 that promote mitochondrial fission. Circ Res. (2018) 122:58–73.
doi: 10.1161/CIRCRESAHA.117.311307

60. Anderson EJ, Kypson AP, Rodriguez E, Anderson CA, Lehr EJ, Neufer PD.
Substrate-specific derangements in mitochondrial metabolism and redox
balance in the atrium of the type 2 diabetic human heart. J Am Coll Cardiol.

(2009) 54:1891–8. doi: 10.1016/j.jacc.2009.07.031
61. Montaigne D, Marechal X, Coisne A, Debry N, Modine T,

Fayad G, et al. Myocardial contractile dysfunction is associated
with impaired mitochondrial function and dynamics in type 2
diabetic but not in obese patients. Circulation. (2014) 130:554–64.
doi: 10.1161/CIRCULATIONAHA.113.008476

62. Yu T, Robotham JL, Yoon Y. Increased production of reactive oxygen
species in hyperglycemic conditions requires dynamic change of
mitochondrial morphology. Proc Natl Acad Sci U S A. (2006) 103:2653–8.
doi: 10.1073/pnas.0511154103

63. Yu T, Jhun BS, Yoon Y. High-glucose stimulation increases reactive oxygen
species production through the calcium and mitogen-activated protein
kinase-mediated activation of mitochondrial fission, Antioxid. Redox Signal.
(2011) 14:425–37. doi: 10.1089/ars.2010.3284

64. Wu QR, Zheng DL, Liu PM, Yang H, Li LA, Kuang SJ, et al. High glucose
induces Drp1-mediated mitochondrial fission via the Orai1 calcium channel
to participate in diabetic cardiomyocyte hypertrophy. Cell Death Dis. (2021)
12:216. doi: 10.1038/s41419-021-03502-4

65. Yu J, Maimaitili Y, Xie P, Wu JJ, Wang J, Yang YN, et al. High glucose
concentration abrogates sevoflurane postconditioning cardioprotection
by advancing mitochondrial fission but dynamin-related protein
1 inhibitor restores these effects. Acta Physiol. (2017) 220:83–98.
doi: 10.1111/apha.12812

66. Li SY, Sigmon VK, Babcock SA, Ren J. Advanced glycation endproduct
induces ROS accumulation, apoptosis, MAP kinase activation and nuclear
O-GlcNAcylation in human cardiac myocytes. Life Sci. (2007) 80:1051–6.
doi: 10.1016/j.lfs.2006.11.035

67. Makino A, Suarez J, Gawlowski T, Han W, Wang H, Scott BT, et al.
Regulation of mitochondrial morphology and function by O-GlcNAcylation
in neonatal cardiac myocytes.Am J Physiol Regul Integr Comp Physiol. (2011)
300:R1296–302. doi: 10.1152/ajpregu.00437.2010

68. Gawlowski T, Suarez J, Scott B, Torres-Gonzalez M, Wang H, Schwappacher
R, et al. Modulation of dynamin-related protein 1 (DRP1) function
by increased O-linked-beta-N-acetylglucosamine modification (O-
GlcNAc) in cardiac myocytes. J Biol Chem. (2012) 287:30024–34.
doi: 10.1074/jbc.M112.390682

69. Wende AR, Schell JC, Ha CM, Pepin ME, Khalimonchuk O, Schwertz
H, et al. Maintaining Myocardial Glucose Utilization in Diabetic
Cardiomyopathy Accelerates Mitochondrial Dysfunction. Diabetes. (2020)
69:2094–111. doi: 10.2337/db19-1057

70. Watanabe T, Saotome M, Nobuhara M, Sakamoto A, Urushida T, Katoh H,
et al. Roles of mitochondrial fragmentation and reactive oxygen species in
mitochondrial dysfunction and myocardial insulin resistance. Exp Cell Res.

(2014) 323:314–25. doi: 10.1016/j.yexcr.2014.02.027
71. Bekhite M, González-Delgado A, Hübner S, Haxhikadrija P, Kretzschmar

T, Müller T, et al. The role of ceramide accumulation in human
induced pluripotent stem cell-derived cardiomyocytes on mitochondrial
oxidative stress and mitophagy. Free Radic Biol Med. (2021) 167:66–80.
doi: 10.1016/j.freeradbiomed.2021.02.016

72. Chen L, Gong Q, Stice JP, Knowlton AA. Mitochondrial OPA1, apoptosis,
and heart failure. Cardiovasc Res. (2009) 84:91–9. doi: 10.1093/cvr/
cvp181

73. Schaper J, Froede R, Hein S, Buck A, Hashizume H, Speiser B,
et al. Impairment of the myocardial ultrastructure and changes of the
cytoskeleton in dilated cardiomyopathy. Circulation. (1991) 83:504–14.
doi: 10.1161/01.CIR.83.2.504

74. Papanicolaou KN, Kikuchi R, Ngoh GA, Coughlan KA, Dominguez
I, Stanley WC, et al. Mitofusins 1 and 2 are essential for postnatal
metabolic remodeling in heart. Circ Res. (2012) 111:1012–26.
doi: 10.1161/CIRCRESAHA.112.274142

75. Chen Y, Liu Y, Dorn II GW. Mitochondrial fusion is essential for
organelle function and cardiac homeostasis. Circ Res. (2011) 109:1327–31.
doi: 10.1161/CIRCRESAHA.111.258723

76. Hom J, Yu T, Yoon Y, Porter G, Sheu SS. Regulation ofmitochondrial fission
by intracellular Ca2+ in rat ventricular myocytes. Biochim Biophys Acta.

(2010) 1797:913–21. doi: 10.1016/j.bbabio.2010.03.018
77. Hsiao YT, Shimizu I, Wakasugi T, Yoshida Y, Ikegami R, Hayashi

Y, et al. Cardiac mitofusin-1 is reduced in non-responding patients
with idiopathic dilated cardiomyopathy. Sci Rep. (2021) 11:6722.
doi: 10.1038/s41598-021-86209-y

78. Abdullah CS, Alam S, Aishwarya R, Miriyala S, Bhuiyan MAN,
Panchatcharam M, et al. Doxorubicin-induced cardiomyopathy
associated with inhibition of autophagic degradation process
and defects in mitochondrial respiration. Sci Rep. (2019) 9:2002.
doi: 10.1038/s41598-018-37862-3

79. Haileselassie B, Mukherjee R, Joshi AU, Napier BA, Massis LM, Ostberg
NP, et al. Drp1/Fis1 interaction mediates mitochondrial dysfunction
in septic cardiomyopathy. J Mol Cell Cardiol. (2019) 130:160–9.
doi: 10.1016/j.yjmcc.2019.04.006

80. Bultman SJ, Holley DW. G de Ridder G, Pizzo SV, Sidorova TN, Murray
KT, et al. BRG1 and BRM SWI/SNF ATPases redundantly maintain
cardiomyocyte homeostasis by regulating cardiomyocyte mitophagy and
mitochondrial dynamics in vivo. Cardiovasc Pathol. (2016) 25:258–69.
doi: 10.1016/j.carpath.2016.02.004

81. Ikeda Y, Shirakabe A, Maejima Y, Zhai P, Sciarretta S, Toli J,
et al. Endogenous Drp1 mediates mitochondrial autophagy and
protects the heart against energy stress. Circ Res. (2015) 116:264–78.
doi: 10.1161/CIRCRESAHA.116.303356

82. Wai T, García-Prieto J, Baker MJ, Merkwirth C, Benit P, Rustin P, et al.
Imbalanced OPA1 processing and mitochondrial fragmentation cause heart
failure in mice. Science. (2015) 350:aad0116. doi: 10.1126/science.aad0116

83. Shi Y, Zhang Z, Yin Q, Fu C, Barszczyk A, Zhang X, et al. Cardiac-specific
overexpression of miR-122 induces mitochondria-dependent cardiomyocyte
apoptosis and promotes heart failure by inhibiting Hand2. J Cell Mol Med.

(2021) 25:5326–34. doi: 10.1111/jcmm.16544
84. Shirakabe A, Zhai P, Ikeda Y, Saito T, Maejima Y, Hsu CP, et al. Drp1-

dependent mitochondrial autophagy plays a protective role against pressure
overload-induced mitochondrial dysfunction and heart failure. Circulation.
(2016) 133:1249–63. doi: 10.1161/CIRCULATIONAHA.115.020502

85. Kageyama Y, Hoshijima M, Seo K, Bedja D, Sysa-Shah P, Andrabi SA,
et al. Parkin-independent mitophagy requires Drp1 and maintains the
integrity of mammalian heart and brain. EMBO J. (2014) 33:2798–813.
doi: 10.15252/embj.201488658

86. Lee Y, Lee HY, Hanna RA, Gustafsson AB. Mitochondrial autophagy
by Bnip3 involves Drp1-mediated mitochondrial fission and recruitment
of Parkin in cardiac myocytes. Am J Physiol Heart Circ Physiol. (2011)
301:H1924–31. doi: 10.1152/ajpheart.00368.2011

87. Gong G, SongM, Csordas G, Kelly DP, Matkovich SJ, Dorn GW 2nd. Parkin-
mediated mitophagy directs perinatal cardiac metabolic maturation in mice.
Science. (2015) 350:aad2459. doi: 10.1126/science.aad2459

88. Koyano F, Okatsu K, Kosako H, Tamura Y, Go E, Kimura M, et al. Ubiquitin
is phosphorylated by PINK1 to activate Parkin. Nature. (2014) 510:162–6.
doi: 10.1038/nature13392

89. Kane LA, Lazarou M, Fogel AI Li Y, Yamano K, Sarraf SA, et al. PINK1
phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity. J Cell
Biol. (2014) 205:143–53. doi: 10.1083/jcb.201402104

90. McLelland GL, Goiran T, Yi W, Dorval G, Chen CX, Lauinger ND, et al.
Mfn2 ubiquitination by PINK1/parkin gates the p97-dependent release
of ER from mitochondria to drive mitophagy. Elife. (2018) 7:e32866.
doi: 10.7554/eLife.32866

91. Song M, Gong G, Burelle Y, Gustafsson ÅB, Kitsis RN, Matkovich
SJ, et al. Interdependence of parkin-mediated mitophagy and
mitochondrial fission in adult mouse hearts. Circ Res. (2015) 117:346–51.
doi: 10.1161/CIRCRESAHA.117.306859

92. Billia F, Hauck L, Konecny F, Rao V, Shen J, Mak TW, et al. inducible kinase
1 (PINK1)/Park6 is indispensable for normal heart function. Proc Natl Acad
Sci U S A. (2011) 108:9572–7. doi: 10.1073/pnas.1106291108

93. Thai PN, Seidlmayer LK, Miller C, Ferrero M, Dorn GW II, Schaefer S,
et al. Mitochondrial quality control in aging and heart failure: influence
of ketone bodies and mitofusin-stabilizing peptides. Front Physiol. (2019)
10:382. doi: 10.3389/fphys.2019.00382

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 May 2022 | Volume 9 | Article 905072

https://doi.org/10.1161/CIRCRESAHA.117.311307
https://doi.org/10.1016/j.jacc.2009.07.031
https://doi.org/10.1161/CIRCULATIONAHA.113.008476
https://doi.org/10.1073/pnas.0511154103
https://doi.org/10.1089/ars.2010.3284
https://doi.org/10.1038/s41419-021-03502-4
https://doi.org/10.1111/apha.12812
https://doi.org/10.1016/j.lfs.2006.11.035
https://doi.org/10.1152/ajpregu.00437.2010
https://doi.org/10.1074/jbc.M112.390682
https://doi.org/10.2337/db19-1057
https://doi.org/10.1016/j.yexcr.2014.02.027
https://doi.org/10.1016/j.freeradbiomed.2021.02.016
https://doi.org/10.1093/cvr/cvp181
https://doi.org/10.1161/01.CIR.83.2.504
https://doi.org/10.1161/CIRCRESAHA.112.274142
https://doi.org/10.1161/CIRCRESAHA.111.258723
https://doi.org/10.1016/j.bbabio.2010.03.018
https://doi.org/10.1038/s41598-021-86209-y
https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1016/j.yjmcc.2019.04.006
https://doi.org/10.1016/j.carpath.2016.02.004
https://doi.org/10.1161/CIRCRESAHA.116.303356
https://doi.org/10.1126/science.aad0116
https://doi.org/10.1111/jcmm.16544
https://doi.org/10.1161/CIRCULATIONAHA.115.020502
https://doi.org/10.15252/embj.201488658
https://doi.org/10.1152/ajpheart.00368.2011
https://doi.org/10.1126/science.aad2459
https://doi.org/10.1038/nature13392
https://doi.org/10.1083/jcb.201402104
https://doi.org/10.7554/eLife.32866
https://doi.org/10.1161/CIRCRESAHA.117.306859
https://doi.org/10.1073/pnas.1106291108
https://doi.org/10.3389/fphys.2019.00382
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. Mitochondrial Dynamics and Cardiovascular Disease

94. Chaanine AH, Joyce LD, Stulak JM, Maltais S, Joyce DL, Dearani
JA, et al. Mitochondrial morphology, dynamics, and function in
human pressure overload or ischemic heart disease with preserved
or reduced ejection fraction. Circ Heart Fail. (2019) 12:e005131.
doi: 10.1161/CIRCHEARTFAILURE.118.005131

95. Hwang HV, Sandeep N, Nair RV, Hu DQ, Zhao M, Lan IS, et al.
Transcriptomic and functional analyses of mitochondrial dysfunction in
pressure overload-induced right ventricular failure. J AmHeart Assoc. (2021)
10:e017835. doi: 10.1161/JAHA.120.017835

96. Yu E, Calvert PA, Mercer JR, Harrison J, Baker L, Figg NL, et al.
Mitochondrial DNA damage can promote atherosclerosis independently
of reactive oxygen species through effects on smooth muscle cells
and monocytes and correlates with higher-risk plaques in humans.
Circulation. (2013) 128:702–12. doi: 10.1161/CIRCULATIONAHA.113.
002271

97. Ballinger SW, Patterson C, Knight-Lozano CA, Burow DL, Conklin CA, Hu
Z, et al. Mitochondrial integrity and function in atherogenesis. Circulation.
(2002) 106:544–9. doi: 10.1161/01.CIR.0000023921.93743.89

98. Virág L. Structure and function of poly(ADP-ribose) polymerase-1: role in
oxidative stress-related pathologies. Curr Vasc Pharmacol. (2005) 3:209–14.
doi: 10.2174/1570161054368625

99. Botto N, Berti S, Manfredi S, Al-Jabri A, Federici C, Clerico A, et al.
Detection of mtDNAwith 4977 bp deletion in blood cells and atherosclerotic
lesions of patients with coronary artery disease.Mutat Res. (2005) 570:81–8.
doi: 10.1016/j.mrfmmm.2004.10.003

100. Yang L, Long Q, Liu J, Tang H, Li Y, Bao F, et al. Mitochondrial
fusion provides an ’initial metabolic complementation’ controlled by
mtDNA. Cell Mol Life Sci. (2015) 72:2585–98. doi: 10.1007/s00018-015-
1863-9

101. Parone PA, Da Cruz S, Tondera D, Mattenberger Y, James DI, Maechler
P, et al. Preventing mitochondrial fission impairs mitochondrial function
and leads to loss of mitochondrial DNA. PLoS ONE. (2008) 3:e3257.
doi: 10.1371/journal.pone.0003257

102. Wu W, Zhao D, Shah SZA, Zhang X, Lai M, Yang D, et al.
OPA1 overexpression ameliorates mitochondrial cristae remodeling,
mitochondrial dysfunction, and neuronal apoptosis in prion diseases. Cell
Death Dis. (2019) 10:710. doi: 10.1038/s41419-019-1953-y

103. Libby P. The changing landscape of atherosclerosis. Nature. (2021) 592:524–
33. doi: 10.1038/s41586-021-03392-8

104. Davidson SM, Yellon DM.Mitochondrial DNA damage, oxidative stress, and
atherosclerosis: where there is smoke there is not always fire. Circulation.
(2013) 128:681–3. doi: 10.1161/CIRCULATIONAHA.113.004531

105. Wang Y, Wang GZ, Rabinovitch PS, Tabas I. Macrophage mitochondrial
oxidative stress promotes atherosclerosis and nuclear factor-κB-
mediated inflammation in macrophages. Circ Res. (2014) 114:421–33.
doi: 10.1161/CIRCRESAHA.114.302153

106. Weissberg PL. Atherogenesis: current understanding of the causes of
atheroma. Heart. (2000) 83:247–52. doi: 10.1136/heart.83.2.247

107. Clarke MC, Littlewood TD, Figg N, Maguire JJ, Davenport AP, Goddard
M, et al. Chronic apoptosis of vascular smooth muscle cells accelerates
atherosclerosis and promotes calcification andmedial degeneration.Circ Res.
(2008) 102:1529–38. doi: 10.1161/CIRCRESAHA.108.175976

108. Lacolley P, Regnault V, Nicoletti A, Li Z, Michel JB. The vascular smooth
muscle cell in arterial pathology: a cell that can take on multiple roles.
Cardiovasc Res. (2012) 95:194–204. doi: 10.1093/cvr/cvs135

109. Lim S, Lee SY, Seo HH, Ham O, Lee C, Park JH, et al. Regulation of
mitochondrial morphology by positive feedback interaction between PKCδ

and Drp1 in vascular smooth muscle cell. J Cell Biochem. (2015) 116:648–60.
doi: 10.1002/jcb.25016

110. Liao H, Gong J, Zhang W, Guo X. Valsartan inhibits angiotensin II-induced
proliferation of vascular smooth muscle cells via regulating the expression
of mitofusin 2. J Huazhong Univ Sci Technolog Med Sci. (2012) 32:31–5.
doi: 10.1007/s11596-012-0005-y

111. Guo YH, Chen K, Gao W, Li Q, Chen L, Wang GS, et al. Overexpression
of Mitofusin2 inhibited oxidized low-density lipoprotein induced vascular
smooth muscle cell proliferation and reduced atherosclerotic lesion
formation in rabbit. Biochem Biophys Res Commun. (2007) 363:411–7.
doi: 10.1016/j.bbrc.2007.08.191

112. Salabei JK, Hill BG. Mitochondrial fission induced by platelet-derived
growth factor regulates vascular smooth muscle cell bioenergetics and cell
proliferation. Redox Biol. (2013) 1:542–51. doi: 10.1016/j.redox.2013.10.011

113. He L, Zhou Q, Huang Z, Xu J, Zhou H, Lv D, et al. PINK1/Parkin-
mediated mitophagy promotes apelin-13-induced vascular smooth muscle
cell proliferation by AMPKα and exacerbates atherosclerotic lesions. J Cell
Physiol. (2019) 234:8668–82. doi: 10.1002/jcp.27527

114. Sata M, Fukuda D. Crucial role of renin-angiotensin system in
the pathogenesis of atherosclerosis. J Med Invest. (2010) 57:12–25.
doi: 10.2152/jmi.57.12

115. Rogers MA, Maldonado N, Hutcheson JD, Goettsch C, Goto S, Yamada
I, et al. Dynamin-related protein 1 inhibition attenuates cardiovascular
calcification in the presence of oxidative stress. Circ Res. (2017) 121:220–33.
doi: 10.1161/CIRCRESAHA.116.310293

116. Zhu Y, Han XQ, Sun XJ, Yang R, Ma WQ, Liu NF. Lactate accelerates
vascular calcification through NR4A1-regulated mitochondrial
fission and BNIP3-related mitophagy. Apoptosis. (2020) 25:321–40.
doi: 10.1007/s10495-020-01592-7

117. Robert P, Nguyen PMC, Richard A, Grenier C, Chevrollier A, Munier
M, et al. Protective role of the mitochondrial fusion protein OPA1 in
hypertension. FASEB J. (2021) 35:e21678. doi: 10.1096/fj.202000238RRR

118. Deng Y, Li S, Chen Z, Wang W, Geng B, Cai J. Mdivi-1, a mitochondrial
fission inhibitor, reduces angiotensin-II- induced hypertension by mediating
VSMC phenotypic switch. Biomed Pharmacother. (2021) 140:111689.
doi: 10.1016/j.biopha.2021.111689

119. Hasan P, Saotome M, Ikoma T, Iguchi K, Kawasaki H, Iwashita
T, et al. Mitochondrial fission protein, dynamin-related protein 1,
contributes to the promotion of hypertensive cardiac hypertrophy and
fibrosis in Dahl-salt sensitive rats. J Mol Cell Cardiol. (2018) 121:103–6.
doi: 10.1016/j.yjmcc.2018.07.004

120. Chen C, Gao JL, Liu MY Li SL, Xuan XC, Zhang XZ, et al. Mitochondrial
fission inhibitors suppress endothelin-1-induced artery constriction. Cell
Physiol Biochem. (2017) 42:1802–11. doi: 10.1159/000479536

121. Hong S, Zhang X, Zhang X, Liu W, Fu Y, Liu Y, et al. Role of the
calcium sensing receptor in cardiomyocyte apoptosis via mitochondrial
dynamics in compensatory hypertrophied myocardium of spontaneously
hypertensive rat. Biochem Biophys Res Commun. (2017) 487:728–33.
doi: 10.1016/j.bbrc.2017.04.126

122. Ordog K, Horvath O, Eros K, Bruszt K, Toth S, Kovacs D, et al.
Mitochondrial protective effects of PARP-inhibition in hypertension-
induced myocardial remodeling and in stressed cardiomyocytes. Life Sci.

(2021) 268:118936. doi: 10.1016/j.lfs.2020.118936
123. Huang G, Cong Z, Wang X, Yuan Y, Xu R, Lu Z, et al. Targeting

HSP90 attenuates angiotensin II-induced adventitial remodelling via
suppression of mitochondrial fission. Cardiovasc Res. (2020) 116:1071–84.
doi: 10.1093/cvr/cvz194

124. Qi J, Yang P, Yi B, Huo Y, Chen M, Zhang J, et al. Heat shock
protein 90 inhibition by 17-DMAG attenuates abdominal aortic aneurysm
formation in mice. Am J Physiol Heart Circ Physiol. (2015) 308:H841–52.
doi: 10.1152/ajpheart.00470.2014

125. Cooper HA, Cicalese S, Preston KJ, Kawai T, Okuno K, Choi ET,
et al. Targeting mitochondrial fission as a potential therapeutic
for abdominal aortic aneurysm. Cardiovasc Res. (2021) 117:971–82.
doi: 10.1093/cvr/cvaa133

126. Cicogna AC, Robinson KG, Conrad CH, Singh K, Squire R, Okoshi MP, et al.
Direct effects of colchicine on myocardial function: studies in hypertrophied
and failing spontaneously hypertensive rats. Hypertension. (1999) 33:60–5.
doi: 10.1161/01.HYP.33.1.60

127. Neubauer S. The failing heart–an engine out of fuel. N Engl J Med. (2007)
356:1140–51. doi: 10.1056/NEJMra063052

128. Zamorano-León JJ, Modrego J, Mateos-Cáceres PJ, Macaya C, Martín-
Fernández B, Miana M, et al. A proteomic approach to determine changes
in proteins involved in the myocardial metabolism in left ventricles of
spontaneously hypertensive rats. Cell Physiol Biochem. (2010) 25:347–58.
doi: 10.1159/000276567

129. Fang L, Moore XL, Gao XM, Dart AM, Lim YL, Du XJ. Downregulation of
mitofusin-2 expression in cardiac hypertrophy in vitro and in vivo. Life Sci.
(2007) 80:2154–60. doi: 10.1016/j.lfs.2007.04.003

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 May 2022 | Volume 9 | Article 905072

https://doi.org/10.1161/CIRCHEARTFAILURE.118.005131
https://doi.org/10.1161/JAHA.120.017835
https://doi.org/10.1161/CIRCULATIONAHA.113.002271
https://doi.org/10.1161/01.CIR.0000023921.93743.89
https://doi.org/10.2174/1570161054368625
https://doi.org/10.1016/j.mrfmmm.2004.10.003
https://doi.org/10.1007/s00018-015-1863-9
https://doi.org/10.1371/journal.pone.0003257
https://doi.org/10.1038/s41419-019-1953-y
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1161/CIRCULATIONAHA.113.004531
https://doi.org/10.1161/CIRCRESAHA.114.302153
https://doi.org/10.1136/heart.83.2.247
https://doi.org/10.1161/CIRCRESAHA.108.175976
https://doi.org/10.1093/cvr/cvs135
https://doi.org/10.1002/jcb.25016
https://doi.org/10.1007/s11596-012-0005-y
https://doi.org/10.1016/j.bbrc.2007.08.191
https://doi.org/10.1016/j.redox.2013.10.011
https://doi.org/10.1002/jcp.27527
https://doi.org/10.2152/jmi.57.12
https://doi.org/10.1161/CIRCRESAHA.116.310293
https://doi.org/10.1007/s10495-020-01592-7
https://doi.org/10.1096/fj.202000238RRR
https://doi.org/10.1016/j.biopha.2021.111689
https://doi.org/10.1016/j.yjmcc.2018.07.004
https://doi.org/10.1159/000479536
https://doi.org/10.1016/j.bbrc.2017.04.126
https://doi.org/10.1016/j.lfs.2020.118936
https://doi.org/10.1093/cvr/cvz194
https://doi.org/10.1152/ajpheart.00470.2014
https://doi.org/10.1093/cvr/cvaa133
https://doi.org/10.1161/01.HYP.33.1.60
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1159/000276567
https://doi.org/10.1016/j.lfs.2007.04.003
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. Mitochondrial Dynamics and Cardiovascular Disease

130. Pennanen C, Parra V, López-Crisosto C, Morales PE, Del Campo
A, Gutierrez T, et al. Mitochondrial fission is required for
cardiomyocyte hypertrophy mediated by a Ca2+-calcineurin
signaling pathway. J Cell Sci. (2014) 127:2659–71. doi: 10.1242/jcs.1
39394

131. Sun W, Yan C, Frost B, Wang X, Hou C, Zeng M, et al. Pomegranate
extract decreases oxidative stress and alleviates mitochondrial
impairment by activating AMPK-Nrf2 in hypothalamic paraventricular
nucleus of spontaneously hypertensive rats. Sci Rep. (2016) 6:34246.
doi: 10.1038/srep34246

132. Quiroga C, Mancilla G, Oyarzun I, Tapia A, Caballero M, Gabrielli LA,
et al. Moderate exercise in spontaneously hypertensive rats is unable
to activate the expression of genes linked to mitochondrial dynamics
and biogenesis in cardiomyocytes. Front Endocrinol. (2020) 11:546.
doi: 10.3389/fendo.2020.00546

133. Ryan JJ, Archer SL. The right ventricle in pulmonary arterial
hypertension: disorders of metabolism, angiogenesis and adrenergic
signaling in right ventricular failure. Circ Res. (2014) 115:176–88.
doi: 10.1161/CIRCRESAHA.113.301129

134. Marsboom G, Toth PT, Ryan JJ, Hong Z, Wu X, Fang YH, et al.
Dynamin-related protein 1-mediated mitochondrial mitotic fission permits
hyperproliferation of vascular smooth muscle cells and offers a novel
therapeutic target in pulmonary hypertension. Circ Res. (2012) 110:1484–97.
doi: 10.1161/CIRCRESAHA.111.263848

135. Dasgupta A, Chen KH, Lima PDA, Mewburn J, Wu D, Al-Qazazi R,
et al. PINK1-induced phosphorylation of mitofusin 2 at serine 442
causes its proteasomal degradation and promotes cell proliferation in lung
cancer and pulmonary arterial hypertension. FASEB J. (2021) 35:e21771.
doi: 10.1096/fj.202100361R

136. Ryan JJ, MarsboomG, Fang YH, Toth PT,Morrow E, LuoN, et al. Pgc1alpha-
mediated mitofusin-2 deficiency in female rats and humans with pulmonary
arterial hypertension. Am J Respir Crit Care Med. (2013) 187:865–78.
doi: 10.1164/rccm.201209-1687OC

137. Ma C, Zhang C, Ma M, Zhang L, Zhang L, Zhang F, et al. MiR-125a
regulates mitochondrial homeostasis through targeting mitofusin 1 to
control hypoxic pulmonary vascular remodeling. J Mol Med. (2017) 95:977–
93. doi: 10.1007/s00109-017-1541-5

138. Xiong PY, Tian L, Dunham-Snary KJ, Chen KH, Mewburn JD, Neuber-
Hess M, et al. Biventricular increases in mitochondrial fission mediator
(MiD51) and proglycolytic pyruvate kinase (PKM2) isoform in experimental
group 2 pulmonary hypertension-novel mitochondrial abnormalities. Front
Cardiovasc Med. (2019) 5:195. doi: 10.3389/fcvm.2018.00195

139. Feng W, Wang J, Yan X, Zhang Q, Chai L, Wang Q, et al. ERK/Drp1-
dependent mitochondrial fission contributes to HMGB1-induced
autophagy in pulmonary arterial hypertension. Cell Prolif. (2021) 54:e13048.
doi: 10.1111/cpr.13048

140. Zhuan B, Wang X, Wang MD Li ZC, Yuan Q, Xie J, et al. Hypoxia induces
pulmonary artery smooth muscle dysfunction through mitochondrial
fragmentation-mediated endoplasmic reticulum stress. Aging. (2020)
12:23684–97. doi: 10.18632/aging.103892

141. Zhang L, Ma C, Zhang C, Ma M, Zhang F, Zhang L, et al. Reactive oxygen
species effect PASMCs apoptosis via regulation of dynamin-related protein 1
in hypoxic pulmonary hypertension. Histochem Cell Biol. (2016) 146:71–84.
doi: 10.1007/s00418-016-1424-9

142. Chen X, Yao JM, Fang X, Zhang C, Yang YS, Hu CP, et al. Hypoxia promotes
pulmonary vascular remodeling via HIF-1α to regulate mitochondrial
dynamics. J Geriatr Cardiol. (2019) 16:855–71.

143. Shen T, Wang N, Yu X, Shi J, Li Q, Zhang C, et al. The critical role
of dynamin-related protein 1 in hypoxia-induced pulmonary vascular
angiogenesis. J Cell Biochem. (2015) 116:1993–2007. doi: 10.1002/jcb.25154

144. Wang F, Zhen Y, Si C, Wang C, Pan L, Chen Y, et al. WNT5B promotes
vascular smooth muscle cell dedifferentiation via mitochondrial dynamics
regulation in chronic thromboembolic pulmonary hypertension. J Cell

Physiol. (2022) 237:789–803. doi: 10.1002/jcp.30543
145. Tura-Ceide O, Smolders VFED, Aventin N, Morén C, Guitart-Mampel M,

Blanco I, et al. Derivation and characterisation of endothelial cells from
patients with chronic thromboembolic pulmonary hypertension. Sci Rep.
(2021) 11:18797. doi: 10.1038/s41598-021-98320-1

146. Iwatani N, Kubota K, Ikeda Y, Tokushige A, Miyanaga S, Higo K,
et al. Different characteristics of mitochondrial dynamics-related miRNAs
on the hemodynamics of pulmonary artery hypertension and chronic
thromboembolic pulmonary hypertension. J Cardiol. (2021) 78:24–30.
doi: 10.1016/j.jjcc.2021.03.008

147. Lin JR, Shen WL, Yan C, Gao PJ. Downregulation of dynamin-related
protein 1 contributes to impaired autophagic flux and angiogenic function
in senescent endothelial cells.Arterioscler Thromb Vasc Biol. (2015) 35:1413–
22. doi: 10.1161/ATVBAHA.115.305706

148. Ma D, Zheng B, Liu HL, Zhao YB, Liu X, Zhang XH, et al.
Klf5 down-regulation induces vascular senescence through eIF5a
depletion and mitochondrial fission. PLoS Biol. (2020) 18:e3000808.
doi: 10.1371/journal.pbio.3000808

149. Tyrrell DJ, Blin MG, Song J, Wood SC, Zhang M, Beard DA, et al. Age-
Associated Mitochondrial Dysfunction Accelerates Atherogenesis. Circ Res.
(2020) 126:298–314. doi: 10.1161/CIRCRESAHA.119.315644

150. Swiader A, Nahapetyan H, Faccini J, D’Angelo R, Mucher E, Elbaz M, et al.
Mitophagy acts as a safeguard mechanism against human vascular smooth
muscle cell apoptosis induced by atherogenic lipids. Oncotarget. (2016)
7:28821–35. doi: 10.18632/oncotarget.8936

151. Uchikado Y, Ikeda Y, Sasaki Y, Iwabayashi M, Akasaki Y, Ohishi M.
Association of lectin-like oxidized low-density lipoprotein receptor-1 with
angiotensin ii type 1 receptor impacts mitochondrial quality control, offering
promise for the treatment of vascular senescence. Front Cardiovasc Med.

(2021) 8:788655. doi: 10.3389/fcvm.2021.788655
152. Nishida Y, Arakawa S, Fujitani K, Yamaguchi H, Mizuta T, Kanaseki T, et al.

Discovery of Atg5/Atg7-independent alternative macroautophagy. Nature.
(2009) 461:654–8. doi: 10.1038/nature08455

153. Sasaki Y, Ikeda Y, Uchikado Y, Akasaki Y, Sadoshima J, Ohishi M.
Estrogen plays a crucial role in Rab9-dependent mitochondrial autophagy,
delaying arterial senescence. J Am Heart Assoc. (2021) 10:e019310.
doi: 10.1161/JAHA.120.019310

154. Johmura Y, Yamanaka T, Omori S,Wang TW, Sugiura Y,MatsumotoM, et al.
Senolysis by glutaminolysis inhibition ameliorates various age-associated
disorders. Science. (2021) 371:265–70. doi: 10.1126/science.abb5916

155. Ghahremani R, Damirchi A, Salehi I, Komaki A, Esposito F. Mitochondrial
dynamics as an underlying mechanism involved in aerobic exercise training-
induced cardioprotection against ischemia-reperfusion injury. Life Sci.

(2018) 213:102–8. doi: 10.1016/j.lfs.2018.10.035
156. Yu H, Hong X, Liu L, Wu Y, Xie X, Fang G, et al. Cordycepin

decreases ischemia/reperfusion injury in diabetic hearts via upregulating
AMPK/Mfn2-dependent mitochondrial fusion. Front Pharmacol. (2021)
12:754005. doi: 10.3389/fphar.2021.754005

157. Zhang Y, Wang Y, Xu J, Tian F, Hu S, Chen Y, et al. Melatonin attenuates
myocardial ischemia-reperfusion injury via improving mitochondrial
fusion/mitophagy and activating the AMPK-OPA1 signaling pathways. J
Pineal Res. (2019) 66:e12542. doi: 10.1111/jpi.12542

158. Yu LM, Dong X, Xue XD, Xu S, Zhang X, Xu YL, et al. Melatonin attenuates
diabetic cardiomyopathy and reduces myocardial vulnerability to ischemia-
reperfusion injury by improving mitochondrial quality control: Role of
SIRT6. J Pineal Res. (2021) 70:e12698. doi: 10.1111/jpi.12698

159. Kalkhoran SB, Kriston-Vizi J, Hernandez-Resendiz S, Crespo-Avilan GE,
Rosdah AA, Lees JG, et al. Hydralazine protects the heart against acute
ischaemia/reperfusion injury by inhibiting Drp1-mediated mitochondrial
fission. Cardiovasc Res. (2022) 118:282–94. doi: 10.1093/cvr/cvaa343

160. Khuanjing T, Palee S, Kerdphoo S, Jaiwongkam T, Anomasiri A,
Chattipakorn SC, et al. Donepezil attenuated cardiac ischemia/reperfusion
injury through balancing mitochondrial dynamics, mitophagy, and
autophagy. Transl Res. (2021) 230:82–97. doi: 10.1016/j.trsl.2020.
10.010

161. Liu C, Han Y, Gu X, Li M, Du Y, Feng N, et al. Paeonol promotes
Opa1-mediated mitochondrial fusion via activating the CK2α-Stat3
pathway in diabetic cardiomyopathy. Redox Biol. (2021) 46:102098.
doi: 10.1016/j.redox.2021.102098

162. Zhuang X, Sun X, Zhou H, Zhang S, Zhong X, Xu X, et al. Klotho
attenuated Doxorubicin-induced cardiomyopathy by alleviating Dynamin-
related protein 1 - mediated mitochondrial dysfunction. Mech Ageing Dev.

(2021) 195:111442. doi: 10.1016/j.mad.2021.111442

Frontiers in Cardiovascular Medicine | www.frontiersin.org 18 May 2022 | Volume 9 | Article 905072

https://doi.org/10.1242/jcs.139394
https://doi.org/10.1038/srep34246
https://doi.org/10.3389/fendo.2020.00546
https://doi.org/10.1161/CIRCRESAHA.113.301129
https://doi.org/10.1161/CIRCRESAHA.111.263848
https://doi.org/10.1096/fj.202100361R
https://doi.org/10.1164/rccm.201209-1687OC
https://doi.org/10.1007/s00109-017-1541-5
https://doi.org/10.3389/fcvm.2018.00195
https://doi.org/10.1111/cpr.13048
https://doi.org/10.18632/aging.103892
https://doi.org/10.1007/s00418-016-1424-9
https://doi.org/10.1002/jcb.25154
https://doi.org/10.1002/jcp.30543
https://doi.org/10.1038/s41598-021-98320-1
https://doi.org/10.1016/j.jjcc.2021.03.008
https://doi.org/10.1161/ATVBAHA.115.305706
https://doi.org/10.1371/journal.pbio.3000808
https://doi.org/10.1161/CIRCRESAHA.119.315644
https://doi.org/10.18632/oncotarget.8936
https://doi.org/10.3389/fcvm.2021.788655
https://doi.org/10.1038/nature08455
https://doi.org/10.1161/JAHA.120.019310
https://doi.org/10.1126/science.abb5916
https://doi.org/10.1016/j.lfs.2018.10.035
https://doi.org/10.3389/fphar.2021.754005
https://doi.org/10.1111/jpi.12542
https://doi.org/10.1111/jpi.12698
https://doi.org/10.1093/cvr/cvaa343
https://doi.org/10.1016/j.trsl.2020.10.010
https://doi.org/10.1016/j.redox.2021.102098
https://doi.org/10.1016/j.mad.2021.111442
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. Mitochondrial Dynamics and Cardiovascular Disease

163. Wang SY, Zhu S,Wu J, ZhangM, Xu Y, XuW, et al. Exercise enhances cardiac
function by improving mitochondrial dysfunction and maintaining energy
homoeostasis in the development of diabetic cardiomyopathy. J Mol Med.

(2020) 98:245–61. doi: 10.1007/s00109-019-01861-2
164. Yu P, Zhang J, Yu S, Luo Z, Hua F, Yuan L, et al. Protective effect

of sevoflurane postconditioning against cardiac ischemia/reperfusion
injury via ameliorating mitochondrial impairment, oxidative stress
and rescuing autophagic clearance. PLoS ONE. (2015) 10:e0134666.
doi: 10.1371/journal.pone.0134666

165. Shaoqing L, Ting Z, Hao L, He Z, Wang Y, Ming Z. Nicorandil, an
ATP-sensitive potassium channel activation, attenuates myocardial injury
in rats with ischemic cardiomyopathy. Med Mol Morphol. (2022) 55:41–6.
doi: 10.1007/s00795-021-00306-5

166. Ferreira JCB, Campos JC, Qvit N, Qi X, Bozi LHM, Bechara
LRG, et al. A selective inhibitor of mitofusin 1-βIIPKC association
improves heart failure outcome in rats. Nat Commun. (2019) 10:329.
doi: 10.1038/s41467-018-08276-6

167. Yang J, Zhou X, Zeng X, Hu O, Yi L, Mi M. Resveratrol attenuates
oxidative injury in human umbilical vein endothelial cells through regulating
mitochondrial fusion via TyrRS-PARP1 pathway. Nutr Metab. (2019) 16:9.
doi: 10.1186/s12986-019-0338-7

168. Sun R, Wang X, Liu Y, Xia M. Dietary supplementation with fish oil alters
the expression levels of proteins governing mitochondrial dynamics and
prevents high-fat diet-induced endothelial dysfunction. Br J Nutr. (2014)
112:145–53. doi: 10.1017/S0007114514000701

169. Perez-Ternero C, Werner CM, Nickel AG, Herrera MD, Motilva MJ, Böhm
M, et al. Ferulic acid, a bioactive component of rice bran, improves
oxidative stress and mitochondrial biogenesis and dynamics in mice
and in human mononuclear cells. J Nutr Biochem. (2017) 48:51–61.
doi: 10.1016/j.jnutbio.2017.06.011

170. Xie T, Wang C, Jin Y, Meng Q, Liu Q, Wu J, et al. CoenzymeQ10-
induced activation of AMPK-YAP-OPA1 pathway alleviates atherosclerosis
by improving mitochondrial function, inhibiting oxidative stress and
promoting energy metabolism. Front Pharmacol. (2020) 11:1034.
doi: 10.3389/fphar.2020.01034

171. Zhang W, Shu C, Li Q, Li M, Li X. Adiponectin affects vascular smooth
muscle cell proliferation and apoptosis throughmodulation of themitofusin-
2-mediated Ras-Raf-Erk1/2 signaling pathway. Mol Med Rep. (2015)
12:4703–7. doi: 10.3892/mmr.2015.3899

172. Chen WR, Zhou YJ, Sha Y, Wu XP, Yang JQ, Liu F. Melatonin
attenuates vascular calcification by inhibiting mitochondria fission via
an AMPK/Drp1 signalling pathway. J Cell Mol Med. (2020) 24:6043–54.
doi: 10.1111/jcmm.15157

173. Wang PW, Pang Q, Zhou T, Song XY, Pan YJ, Jia LP, et al.
Irisin alleviates vascular calcification by inhibiting VSMC osteoblastic

transformation and mitochondria dysfunction via AMPK/Drp1 signaling
pathway in chronic kidney disease. Atherosclerosis. (2022) 346:36–45.
doi: 10.1016/j.atherosclerosis.2022.02.007

174. Cui L, Li Z, Chang X, Cong G, Hao L. Quercetin attenuates vascular
calcification by inhibiting oxidative stress and mitochondrial fission. Vascul
Pharmacol. (2017) 88:21–9. doi: 10.1016/j.vph.2016.11.006

175. Tian L, Wu D, Dasgupta A, Chen KH, Mewburn J, Potus F, et al.
Epigenetic metabolic reprogramming of right ventricular fibroblasts
in pulmonary arterial hypertension: a pyruvate dehydrogenase kinase-
dependent shift in mitochondrial metabolism promotes right ventricular
fibrosis. Circ Res. (2020) 126:1723–45. doi: 10.1161/CIRCRESAHA.120.
316443

176. Parra V, Bravo-Sagua R, Norambuena-Soto I, Hernández-Fuentes CP,
Gómez-Contreras AG, Verdejo HE, et al. Inhibition of mitochondrial fission
prevents hypoxia-induced metabolic shift and cellular proliferation
of pulmonary arterial smooth muscle cells. Biochim Biophys Acta

Mol Basis Dis. (2017) 1863:2891–903. doi: 10.1016/j.bbadis.2017.
07.018

177. Wu YC, Wang WT, Lee SS, Kuo YR, Wang YC, Yen SJ, et al. Glucagon-like
peptide-1 receptor agonist attenuates autophagy to ameliorate pulmonary
arterial hypertension through Drp1/NOX- and Atg-5/Atg-7/Beclin-
1/LC3β pathways. Int J Mol Sci. (2019) 20:3435. doi: 10.3390/ijms201
43435

178. Palasset TL, Chaumais MC, Weatherald J, Savale L, Jaïs X, Price LC, et al.
Association between leflunomide and pulmonary hypertension. Ann Am

Thorac Soc. (2021) 18:1306–15. doi: 10.1513/AnnalsATS.202008-913OC

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

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Uchikado, Ikeda and Ohishi. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 19 May 2022 | Volume 9 | Article 905072

https://doi.org/10.1007/s00109-019-01861-2
https://doi.org/10.1371/journal.pone.0134666
https://doi.org/10.1007/s00795-021-00306-5
https://doi.org/10.1038/s41467-018-08276-6
https://doi.org/10.1186/s12986-019-0338-7
https://doi.org/10.1017/S0007114514000701
https://doi.org/10.1016/j.jnutbio.2017.06.011
https://doi.org/10.3389/fphar.2020.01034
https://doi.org/10.3892/mmr.2015.3899
https://doi.org/10.1111/jcmm.15157
https://doi.org/10.1016/j.atherosclerosis.2022.02.007
https://doi.org/10.1016/j.vph.2016.11.006
https://doi.org/10.1161/CIRCRESAHA.120.316443
https://doi.org/10.1016/j.bbadis.2017.07.018
https://doi.org/10.3390/ijms20143435
https://doi.org/10.1513/AnnalsATS.202008-913OC
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Current Understanding of the Pivotal Role of Mitochondrial Dynamics in Cardiovascular Diseases and Senescence
	Introduction
	Mitochondrial Dynamics in Cardiomyocytes
	Mitochondrial Dynamics in Heart Diseases
	Mitochondrial Dynamics in Ischemia-Reperfusion Injury
	Mitochondrial Dynamics in Cardiomyopathy
	Mitochondrial Dynamics in Heart Failure

	Mitochondrial Dynamics in Vascular Diseases
	Mitochondrial Dynamics in Atherosclerosis
	Mitochondrial Dynamics in Hypertension
	Mitochondrial Dynamics in Pulmonary Hypertension

	Mitochondrial Dynamics in Cardiovascular Senescence
	Treatments for Cardiovascular Diseases Through Regulation of Mitochondrial Dynamics
	Perspective
	Author Contributions
	Funding
	Acknowledgments
	References


