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Abstract

Maintenance of mitochondrial function and integrity is critical for normal cell survival, 

particularly in non-dividing cells with a high-energy demand such as cardiomyocytes. Well-

coordinated quality control mechanisms in cardiomyocytes, involving mitochondrial biogenesis, 

mitochondrial dynamics-fission and fusion, and mitophagy, act to protect against mitochondrial 

dysfunction. Mitochondrial fission, which requires dynamin-related protein 1 (Drp1), is essential 

for segregation of damaged mitochondria for degradation. Alterations in this process have been 

linked to cardiomyocyte apoptosis and cardiomyopathy. In this review, we discuss the role of Drp1 

in mitophagy and apoptosis in the context of cardiac pathology, including myocardial ischemia 

and heart failure.
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1. Introduction

Mitochondria are highly abundant in the heart. Adult cardiac mitochondria comprise 

approximately 30% of the total cell volume and generate vast amounts of ATP through 

oxidative phosphorylation to maintain contractile function. Cardiomyocytes produce high 

levels of oxidative stress and are long-lived with infrequent, if not a complete absence of, 

proliferation [1]. To maintain mitochondrial homeostasis, cardiomyocytes have developed 

well-coordinated quality control mechanisms involving mitochondrial biogenesis, 

mitochondrial dynamics, and a mitochondria-specific form of autophagy, termed mitophagy 

[2–5]. It has been suggested that mitochondrial fission and fusion serve as an early response 

to mitochondrial dysfunction, acting to overcome regional deterioration in mitochondria [6, 

7]. Mitochondria in adult cardiomyocytes are distributed in a more ordered fashion than in 

other cell types. They are located between myofibrils, around nuclei, and in the 
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subsarcolemmal space, and are referred to as interfibrillar, perinuclear and subsarcolemmal 

mitochondria, respectively. In particular, intermyofibrillar mitochondria are located in 

parallel to and in direct contact with myofibers, thereby efficiently supplying ATP to 

myofibers. Due to this unique spatial organization, it has been speculated that their 

movement, including fusion, may be limited. Interestingly, however, recent evidence 

suggests that mitochondrial fusion is rather robust, supporting the exchange of matrix 

content between adjacent mitochondria in adult cardiomyocytes, which is controlled by 

cardiac contractility [8]. Furthermore, in mice in which Drp1, a dynamin-related GTPase 

that critically mediates fission, is downregulated in cardiomyocytes, mitochondria are 

elongated compared to in wild type mice. Thus, fission and fusion do take place in adult 

cardiomyocytes in vivo [9]. Our group has been investigating the molecular mechanisms 

responsible for mitochondrial quality control. In particular, we have focused on the role of 

Drp1 in the heart because the stressed heart contains fragmented mitochondria with 

mitochondrial translocation of Drp1 and because Drp1 plays an important role in mediating 

many aspects of mitochondrial quality control in the heart [9]. In this review, we will discuss 

the role of Drp1 in the heart.

2. General functions of Drp1

2.1 General features of Drp1

Drp1 belongs to the dynamin family of GTP-binding proteins. The dynamin family includes 

Dnm1 in yeast and dynamin I, II, III in mammals. Classic Dynamin proteins contain a 

GTPase domain, a pleckstrin homology motif, and the proline-rich tail and mediate receptor-

mediated endocytosis in organisms ranging from insects to vertebrates [10]. Dnm1 in yeast 

and Drp1 in mammals, which lack the pleckstrin homology motif and the proline-rich 

region, function in mitochondrial fission [11]. In humans, Drp1 is expressed ubiquitously 

[10, 12] as multiple alternatively spliced variants [13], with higher expression levels in the 

heart, skeletal muscle, brain, kidney and testis [10, 13]. Although the majority of Drp1 is 

localized in the cytosol at baseline, when mitochondria undergo fission, Drp1 is recruited to 

sites of mitochondrial fission through interactions with mitochondrial outer membrane 

proteins, including fission 1 (Fis1), mitochondrial fission factor (Mff), and mitochondrial 

dynamics proteins of 49 and 51 KDa (MiD49 and MiD51) [12, 14–16]. Fis1 was initially 

proposed as a Drp1 receptor based on genetic and biochemical data in yeast [17]. However, 

two molecular adaptors, Mdv1 and Caf4, are required for Fis1 to localize at mitochondria in 

yeast and neither of these molecules exists in mammalian cells. This raises the possibility 

that the role of Fis1 in mammalian cells may be different from that in yeast [14]. Indeed, 

experiments using Fis1-null mouse embryonic fibroblasts (MEFs) indicated only a minor 

role for Fis1 in Drp1 recruitment and mitochondrial fission. On the other hand, knockdown 

of Mff results in mitochondrial elongation and reduces the amount of Drp1 recruited to 

mitochondria in MEFs [14, 15]. MiD49 and MiD51 induce recruitment of Drp1 and 

mitochondrial fission even in the absence of Fis1 and Mff [14]. These studies suggest that 

multiple receptors can recruit Drp1 to mitochondria for mitochondrial fission, depending on 

cell type and cellular circumstances.
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ER-mitochondria communication through contact sites, known as mitochondria-associated 

ER membranes (MAMs), is important for mitochondrial fission [18–20]. Actin 

polymerization occurs through ER-localized inverted formin 2 (INF2), promoting initial 

mitochondrial constriction and determining the site of Drp1 recruitment [19]. Filamin A 

(FLNa), a protein scaffold for cell adhesion and migration, activates Drp1 through its 

guanine nucleotide exchange activity and functionally couples Drp1 with actin [21]. During 

hypoxia, the mitochondrial outer membrane protein FUN14 domain-containing 1 

(FUNDC1) accumulates at MAMs and recruits Drp1 to MAMs and mitochondrial fission 

sites [22]. SNARE protein syntaxin 17 (Syn17) is also present at MAMs, recruits Drp1, and 

drives mitochondrial fission [23].

2.2 Posttranslational modifications of Drp1

Drp1 contains four domains: an N-terminal GTPase domain, middle domain, variable 

domain, and C-terminal GTPase effector domain (GED). The recruitment of Drp1 to 

mitochondria is regulated by reversible phosphorylation at the C-terminal GED domain 

through interaction with multiple kinases and phosphatases [24, 25], comprising a complex 

regulatory network for rapid mitochondrial remodeling in response to intrinsic and extrinsic 

signals. For instance, during mitosis, mitochondrial fission is enhanced through 

phosphorylation of Drp1 at Ser 616 by Cdk1 [26]. In post-mitotic neurons, CDK5 

phosphorylates Drp1 at Ser 616, resulting in its recruitment and subsequent mitochondrial 

fission associated with neuronal injury [27]. Drp1 is also phosphorylated at Ser 616 by other 

kinases, including Erk2, Ca2+/calmodulin-dependent kinase II (CaMKII) and Rip1 [27–30]. 

Phosphorylation of Drp1 at Ser 637 within the C-terminal GED domain by cAMP-

dependent protein kinase (PKA) decreases GTPase activity by affecting its intramolecular 

interaction and inhibits mitochondrial fission in cells [31]. Phospho-mimetic substitution at 

Ser 616 influences neither the intramolecular interaction between the GTP-binding domain 

and the GED domain nor the GTPase activity. Thus, Ser 616 phosphorylation likely 

regulates Drp1 through other mechanisms [26]. The calcium-dependent phosphatase, 

calcineurin, dephosphorylates Ser 637 of Drp1 and promotes its recruitment to mitochondria 

[32]. In addition, sumoylation modifies and stabilizes mitochondrial Drp1 and enhances 

mitochondrial fission [33, 34]. Acetylation of Drp1 at Lys 642 in response to high fat diet 

consumption induces mitochondrial translocation of Drp1 and cell death in cardiomyocytes 

[35]. Furthermore, Drp1 interacts with phosphatidic acid (PA) and saturated phospholipids 

in the mitochondrial membrane, and this interaction prevents Drp1 from initiating the 

constriction of mitochondria [36, 37].

2.3 Drp1 in peroxisomes

Drp1 is also involved in the fission of peroxisomes, membrane-bound intracellular 

organelles that play a key role in metabolism and conversion of reactive oxygen species. 

Increasing lines of evidence suggest that peroxisome dynamics, number, and morphology 

critically affect cellular function. Association of Drp1 with peroxisomes is increased during 

peroxisome proliferation [38, 39], whereas downregulation of Drp1 inhibits peroxisomal 

fission and causes peroxisome elongation [38, 39]. Drp1 interacts with the peroxisomal 

membrane protein Peroxin 11, thereby playing an important function in mediating 

peroxisomal fission during the initial phase of fission [40]. However, how the function of 
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Drp1 in peroxisomes contributes to the overall cardiac phenotype in Drp1 KO mice remains 

to be elucidated.

3. The role of Drp1 in mitophagy

3.1 The general autophagy pathway

Autophagy is an evolutionarily conserved “self-eating” process by which intracellular 

materials are degraded. The autophagy process begins with initiation and maturation of 

double-membraned vesicles called autophagosomes that enclose the materials to be 

degraded. Initiation is promoted by the unc-51-like autophagy-activating kinase (Ulk) 

complex (comprising Atg13, Ulk1, FIP200 and Atg101), which then activates another 

complex consisting of Beclin1, Atg14L, Vps34, and Vps15 for expansion of the nascent 

autophagosome. The final maturation and closure of the autophagosome is mediated by the 

Atg conjugation system (Atg5, Atg7 and Atg12), which conjugates LC3 to 

phosphatidylethanolamine to form LC3-II, a component of autophagosomal membranes. 

After maturation, autophagosomes fuse with lysosomes to degrade the sequestered cargo 

[41]. When autophagy degrades mitochondria in a selective manner, it is referred to as 

mitophagy.

3.2 The role of Drp1 in mitophagy

Although the mitochondrial electron transport chain is a major source of ATP, ATP 

production is accompanied by production of reducing sources. The leakage of electrons 

under pathophysiological conditions leads to increased oxidative stress, which amplifies 

rapidly and attenuates mitochondrial function [42]. It has been shown that, at least under 

some conditions, mitochondria with depolarized mitochondrial membrane potential can be 

selectively targeted by mitochondrial fission and mitophagy [6, 7]. An important question 

here is how mitochondrial fission and mitophagy coordinate with one another to maintain 

the quality of mitochondria. Readers are referred to our recent review describing the 

connection between mitochondrial fission and mitophagy [43]. It is generally believed that 

healthy mitochondria can restore mitochondrial membrane potential levels and participate in 

the fusion-fission cycle, whereas mitochondria that fail to do so are marked and eliminated 

by mitophagy [6] (Figure 1). According to this theory, mitochondrial division occurs prior to 

mitophagy so that only damaged parts are degraded by autophagy. What is the role of Drp1 

in this process?

In yeast, Dnm1, a mitochondrial fission protein and a homologue of Drp1, plays a critical 

role in mediating mitophagy [44]. In response to nutrient starvation, the fission complex is 

recruited to mitochondria through physical interaction between Dnm1 and Atg11, a scaffold 

protein that recruits ATG proteins to the site of autophagosome formation, suggesting that 

the mitochondrial fission and autophagy machineries may act in a coordinated manner to 

selectively target the mitochondria to be degraded [45]. Mitophagy in B-cells is significantly 

inhibited in the presence of dominant negative Drp1, downregulation of Fis1 or 

overexpression of OPA1, suggesting that either Drp1 or mitochondrial fission also plays an 

essential role in mediating mitophagy in mammalian cells [6].
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Consistent with the results in these seminal works, increasing lines of evidence suggest that 

Drp1 promotes, if not plays an essential role in, mitophagy in many cell types in response to 

different types of stress. Inhibition of Drp1-mediated mitochondrial fission prevents Parkin-

induced mitophagy in HeLa cells and MEFs [7]. The Bcl2/adenovirus E1B 19-kDa 

interacting protein 3 (Bnip3), an atypical BH3-only protein, induces mitochondrial 

translocation of Drp1, which in turn promotes translocation of Parkin to mitochondria in a 

Drp1-dependent manner in adult cardiomyocytes [46]. Thus, Drp1 is required for Bnip3-

induced mitophagy by inducing mitochondrial fission and recruitment of Parkin in a 

coordinated manner.

We have shown recently that downregulation of endogenous Drp1 induces elongated 

mitochondria, inhibits mitophagy, and induces mitochondrial dysfunction and consequent 

cell death in the heart both at baseline and under stress conditions such as glucose-

deprivation, fasting and ischemia/reperfusion [9]. Drp1 physically interacts with Bcl-xL in 

cardiomyocytes. When Drp1 is translocated to mitochondria in response to stress, it disrupts 

the interaction between Beclin1 and Bcl-xL, a negative regulator of Beclin 1, thereby 

activating autophagy in cardiomyocytes [9]. These results suggest that Drp1 not only 

induces mitochondrial fission but also directly stimulates autophagy in cardiomyocytes.

Drp1 is also involved in activation of mitophagy during hypoxia in HeLa cells. During 

hypoxia, FUNDC1, an LC3 receptor, but not the Drp1 receptors Mff, MID49/51, or Fis1, is 

required for Drp1 to translocate to the MAM site and mediate mitophagy [22]. Interestingly, 

this form of mitophagy occurs in a Parkin-independent manner.

Mitochondrial dysfunction is commonly observed during heart failure. In the transverse 

aortic constriction mouse model of heart failure, mitophagy is upregulated in the heart in 

response to pressure overload (PO). Activation of mitophagy is observed only transiently 3–

5 days after the initiation of PO. Although mitochondrial function was maintained during the 

first 1–2 weeks in this model, mitochondrial dysfunction and left ventricular dysfunction 

develop thereafter. It is likely that mitophagy is an adaptive mechanism to maintain 

mitochondrial function during PO. It is currently unknown why mitophagy is activated only 

transiently. Interestingly, induction of mitophagy in the heart in response to PO was 

observed only after autophagy that targets cellular components in a non-specific manner, 

namely general autophagy, was inactivated. Although the exact molecular mechanism by 

which the time course of mitophagy dissociates from that of general autophagy in response 

to PO is currently unknown, importantly, mitochondrial autophagy in response to PO 

coincides with mitochondrial translocation of Drp1, which was also accompanied by 

phosphorylation of Ser 616 and dephosphorylation of Ser 637 of Drp1. Furthermore, 

mitophagy is abrogated in mice with cardiac-specific Drp1 knockout (KO) [9, 47, 48] 

(Figure 2a). These results suggest that endogenous Drp1 plays an important role in 

mediating mitophagy in response to PO and that this mitophagy is most likely mediated by a 

mechanism distinct from that mediating general autophagy.

Dissociation between general autophagy and mitophagy was also observed in the heart 

during ischemia. We recently showed that mitophagy during myocardial ischemia is 

mediated predominantly through autophagy characterized by Rab9-associated 
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autophagosomes, rather than LC3-dependent autophagy [30]. This form of mitophagy plays 

a more important role in protecting the heart against ischemia than LC3-dependent 

autophagy and is mediated through the Ulk1-Rab9-Rip1-Drp1 pathway rather than Atg7- 

and LC3-dependent mechanisms (Figure 2b). This form of mitophagy is similar to the 

alternative autophagy originally reported by Honda et al. [49]. Drp1 is phosphorylated at Ser 

616 by Rip1, a serine/threonine kinase, in response to hypoxia and Rip1 associates with 

Drp1 in an Ulk1- and Rab9-dependent manner. Furthermore, Ulk1-dependent 

phosphorylation of Rab9 at Ser 179 plays an important role in mediating the Rab9-Rip1 

interaction and Ser 616 phosphorylation of Drp1 by Rip1. Thus, Ser 616-phosphorylated 

Drp1 forms a complex with autophagosomes marked with Rab9 in an Ulk1-dependent 

manner through a series of phosphorylation events [30]. This interaction between the fission 

machinery and the autophagy machinery is reminiscent of the Dnm1-Atg11 interaction 

during mitophagy in yeast.

Following the recruitment of Drp1 to mitochondria, Drp1 interacts with the Zip1-MCU 

complex, which promotes the entry of Zn2+ into the mitochondrial matrix, thereby leading to 

decreases in the local mitochondrial membrane potential [50]. Upon fission by Drp1, the fate 

of fragmented mitochondria is determined by their ability to restore mitochondrial 

membrane potential; healthy mitochondria can restore mitochondrial membrane potential 

and participate in the fusion-fission cycle again, whereas mitochondria that fail to do so are 

marked and eliminated by mitophagy [50].

Different observations have been reported regarding the timing of mitochondrial fission and 

mitophagy relative to the timing of mitochondrial depolarization. For example, 

mitochondrial depolarization induces Drp1 recruitment, which in turn promotes 

mitochondrial fission in response to carbonyl cyanide m-chlorophenylhydrazone, a 

mitochondrial uncoupler [7]. In this case, fission occurs after mitochondrial depolarization. 

On the other hand, mitochondrial depolarization occurs well after mitochondria are 

completely sequestered into mitophagosomes during nutrient deprivation, where mitophagy 

is mediated by phosphatidylinositol-3-kinase in coordination with fission in hepatocytes 

[51]. It is likely that cell type-specific distinct molecular mechanisms are involved in the 

induction of mitochondrial fission and mitophagy. Further investigation is needed to 

elucidate the stimulus-specific mechanisms mediating mitochondrial fission and mitophagy 

and how they relate to Drp1 and mitochondrial depolarization.

In addition, Vps13D, a ubiquitin binding protein, has been shown to regulate mitochondrial 

size and mitophagy by acting downstream of Drp1 and MFF [52]. Thus, Drp1 appears to 

have multiple targets that allow it to fully accomplish its mitochondrial quality control 

function through fission and mitophagy.

3.3 Drp1-independent mitophagy

It should be noted that Drp1 is dispensable in some forms of mitophagy [53–55]. For 

example, hypoxia-induced mitophagy can take place in cell lines in which Drp1 is 

downregulated and in Drp1 KO MEFs, although deletion of Drp1 slightly decreased 

mitophagy and prolonged the time required for autophagosomes to sequestrate mitochondria 

[54]. Importantly, factors needed for isolation membranes to be formed and extended, 
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namely FIP200, ATG14 and WIPI, are required for mitochondrial division during mitophagy 

[54]. These observations suggest that mitochondrial division can be accomplished as a part 

of autophagosome formation during mitophagy, even in the absence of a separate 

mechanism dedicated to mitochondrial fission (Figure 2c).

Kageyama et al. proposed the existence of two types of mitophagy in the heart and neurons, 

namely Drp1-dependent mitophagy and Parkin-dependent mitophagy, which synergistically 

maintain mitochondrial homeostasis [47]. In their model, Parkin-dependent mitophagy 

becomes more critical for the maintenance of mitochondrial respiratory function in the 

absence of Drp1-dependent mitophagy. In theory, Parkin-dependent mitophagy should use 

Drp1-independent mitochondrial fission when depolarized mitochondria are separated [56]. 

However, Song et al. [53] reported that Parkin-dependent mitophagy is hyper-activated in 

Drp1-deficient mouse hearts. In this study, the authors concluded that hyper-activation of 

mitophagy is detrimental for the heart, which is the opposite of what was reported by 

Kageyama et al. [47]. Molecular mechanisms through which Parkin-dependent mitophagy 

becomes hyperactive in the absence of Drp1 remain to be clarified. It has been shown that 

downregulation of Drp1 induces constitutive recruitment of Parkin to elongated 

mitochondria and increases degradation of healthy mitochondria [57]. This suggests that the 

most important physiological role of endogenous Drp1 is to protect healthy mitochondria 

from mitophagy. It should be noted that the level of mitophagy activation in Drp1-deficient 

mice differs significantly among investigators [9, 47, 53]. The reason for this discrepancy 

remains to be clarified.

Increasing lines of evidence suggest that damaged mitochondria are degraded through 

multiple mechanisms. One other such mechanism is the transfer of a small portion of 

mitochondria to lysosomes via mitochondrial-derived vesicles (MDV). In this mechanism, 

although depolarized mitochondria are sequestrated into small vesicles in a Parkin-

dependent manner, degradation takes place even in the absence of Drp1 [58].

4. The role of Drp1 in apoptosis and necroptosis

4.1 Apoptosis

Mitochondrial fragmentation is a conserved aspect of apoptosis from yeast, C.elegans, 

Drosophila to mammals [59–64]. Since mitochondrial fragmentation is often observed when 

cells are under stress or when they are dying, Drp1 has been implicated in the pathogenesis 

of cell death [65]. For example, during apoptosis, activation of proapoptotic signaling BH3-

only BIK induced mitochondrial cristae remodeling, loss of mitochondrial membrane 

potential and fragmentation, which is Drp1-dependent [66]. PKA-mediated phosphorylation 

of Drp1 at Ser 637 induces mitochondrial elongation and resistance to apoptotic stimuli, 

whereas dephosphorylation of Ser 637 by calcineurin promotes mitochondrial fragmentation 

and increases cell vulnerability to apoptosis in rat pheochromocytoma PC12 cells [32]. 

Although death may take place secondary to mitochondrial dysfunction caused by 

dysregulated fission, increasing lines of evidence suggest that Drp1 is more directly involved 

in apoptosis by controlling outer mitochondrial membrane permeabilization when it stably 

associates with mitochondria. For example, Drp1 associates with Bax at mitochondrial 

fission sites during apoptosis in HeLa cells. However, neither Drp1 nor mitochondrial fission 
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itself may be sufficient for cell death [64]. Loss of Drp1 prevents mitochondrial 

fragmentation and apoptosis by inhibiting cytochrome c release but without affecting Bax 

translocation into mitochondria in HeLa cells, suggesting that Drp1 controls cell death by 

acting downstream of Bax translocation but upstream of cytochrome c release [67]. During 

apoptosis, Drp1 stably associates with the mitochondrial membrane in a Bax/Bak-dependent 

manner but independent of mitochondrial fragmentation in HeLa cells. This allows 

remodeling of both the inner and outer membranes and cristae that precedes the 

permeabilization of the outer membrane, the complete release of cytochrome c and eventual 

loss of ΔΨ [68] (Figure 1).

4.2 Necroptosis

Necroptosis is a form of regulated necrotic cell death mediated by Rip1 (receptor-interacting 

protein kinase 1), Rip3, and MLKL (mixed-lineage kinase domain-like pseudokinase) [69]. 

PGAM5, a mitochondrial phosphatase localized in a Rip1- and Rip3-containing protein 

complex, mediates necroptosis in response to multiple stimuli by activating Drp1 and 

mitochondrial fragmentation [70] (Figure 1). However, other studies found that, although 

PGAM5 promotes inflammasome activation, it is dispensable for necroptosis in 

macrophages [71]. The Rip1-Rip3-Drp1 signaling pathway is required for RNA virus-

induced activation of the NLRP3 inflammasome. However, MLKL and PGAM5 are not 

involved in this process [72]. Thus, further investigation is required to elucidate how Drp1 is 

activated and mediates necroptosis.

Recent evidence suggests that inhibition of Drp1 translocation to mitochondria is protective 

against hypoxia/reoxygenation-induced death in cardiomyocytes if the intervention is given 

as pretreatment. However, if inhibition of Drp1 translocation is initiated at the time of 

reoxygenation, it has been found to promote necroptosis, suggesting that association of Drp1 

with mitochondria has time-dependent consequences in the regulation of cell death [73]. 

Further investigation is necessary to elucidate how Drp1 regulates multiple forms of cell 

death.

5. The function of Drp1 in the heart

Homozygous deletion of Drp1 in mice leads to embryonic lethality between embryonic days 

(E) 9.5 and 11.5, with elongated mitochondria, reduced cell proliferation, and decreased 

developmentally regulated apoptosis [74]. Postnatal cardiac specific knock out of Drp1 

induces dilated cardiomyopathy and rapid lethality in mice [9, 47, 75]. In Drp1KO 

cardiomyocytes, mitochondria exhibited increased connectivity, accumulation of 

ubiquitinated proteins, and decreased respiration [9, 47, 75]. These results suggest that 

endogenous Drp1 plays an important role in mediating mitochondrial quality control and the 

survival of cardiomyocytes at baseline.

Drp1 is upregulated during pathological conditions in the heart and excessive fission of 

mitochondria appears to be detrimental for the heart. For example, excessive mitochondrial 

fission occurs within 60 minutes of myocardial reperfusion after transient ischemia, leading 

to mitochondrial dysfunction and decreasing cardiac contractility [76]. Ser 637 of Drp1 is 

dephosphorylated during reperfusion, which in turn induces mitochondrial translocation of 
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Drp1 and increased mitochondrial fission [77]. Treatment of the heart with chemical 

inhibitors of Drp1, including Mdivi-1 and P110, protects the heart against ischemia/

reperfusion (I/R) injury [76, 78]. The Drp1 inhibitors preserve mitochondrial morphology, 

decrease cytosolic calcium, inhibit mitochondrial permeability transition pore (mPTP) 

opening and prevent apoptosis in cardiomyocytes, thereby decreasing myocardial injury 

[78]. It should be noted that the effect of Drp1 inhibition appears to be dose- and time-

dependent. For example, complete or prolonged inhibition of Drp1 through genetic deletion 

induces harmful effects through suppression of essential mitochondrial quality control 

mechanisms [9]. In addition, the effects of chemical inhibitors of Drp1 upon other 

molecules, including Bax/Bak [79] and delayed rectifier K+ channel [80], may contribute to 

their protective effects against I/R injury. Thus, caution should be exercised when 

interpreting results obtained using chemical inhibitors of Drp1. FK506, a calcineurin 

inhibitor, prevents dephosphorylation of Drp1 Ser 637 and preserves cardiac function during 

I/R [77]. During ischemia, downregulation of endogenous miR-499 activates calcineurin, 

which dephosphorylates Drp1, and increases mitochondrial fragmentation, thereby inducing 

apoptosis. Overexpression of exogenous miR-499, however, inhibits cardiomyocyte 

apoptosis through its suppression of calcineurin-mediated dephosphorylation of Drp1 [81]. 

Hyperfission of mitochondria is also observed in the heart after myocardial infarction. 

Hypoxia induces association between FLNa and Drp1, leading to hyperfission of 

mitochondria and myocardial senescence [21].

Activation of Drp1 is also implicated in cardiac hypertrophy and heart failure. 

Phosphorylation of Drp1 by CaMKII at Ser 616 stimulates mPTP opening during chronic β-

adrenergic receptor (β-AR) stimulation [29]. Protein kinase D (PKD), a serine/threonine 

kinase implicated in the development of cardiac hypertrophy and heart failure, is 

translocated to mitochondria in response to hypertrophic stimuli and induces 

phosphorylation of Drp1 at Ser 637, which leads to mitochondrial dysfunction and 

cardiomyocyte apoptosis. The detailed mechanism by which Ser 637 phosphorylation of 

Drp1 by PKD mediates fission, but not fusion, remains to be clarified [82].

Doxorubicin-induced cardiotoxicity is accompanied by mitochondrial translocation of Bnip3 

and Drp1, mitochondrial fragmentation and mPTP opening[83] (Figure 1). Cardiac-specific 

Drp1 KO mice are protected from doxorubicin-induced cardiac damage, suggesting that 

Drp1 promotes cardiac damage in response to doxorubicin. Strategies that limit 

mitochondrial fission in the physiologic range may help reduce doxorubicin-induced 

cardiotoxicity [84]. Cellular accumulation with proteins carrying polyglutamine repeats in 

Huntington’s disease activates Drp1-mediated excessive mitochondrial fission, which in turn 

induces cell death, including apoptosis and necrosis, which is accompanied by accumulation 

of damaged mitochondria in the lysosome that was coupled with lysosomal dysfunction 

[85]. Drp1 also contributes to the pathogenesis of hypertensive cardiac hypertrophy through 

production of reactive oxygen species (ROS) and suppression of Drp1 may be effective in 

preventing cardiac hypertrophy [86]. Drp1 has also been shown to be involved in the 

development of pathologic fission and mitochondrial dysfunction in sepsis-induced 

cardiomyopathy [87]. These results are all consistent with the notion that excessive 

activation of mitochondrial fission causes progression of cardiomyopathy and that 

normalizing this process by inhibiting Drp1 is effective for treating such conditions. 
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Excessive activation of mitochondrial fission also occurs through epigenetic dysregulation of 

MiD49 and MiD51, cellular receptors of Drp1, which drives pathological proliferation and 

apoptosis resistance in pulmonary artery smooth muscle cells. This mechanism has been 

implicated in the pathogenesis of pulmonary arterial hypertension [88].

Although many studies highlight the detrimental aspects of mitochondrial fission mediated 

by Drp1, which often occurs to an excessive degree during pathological conditions in the 

heart, other studies have shown that Drp1 is important in maintaining mitochondrial 

homeostasis under some conditions [89–91]. For example, Drp1 maintains or positively 

stimulates mitochondrial respiration, bioenergetics and ROS signaling in adult 

cardiomyocytes at baseline [91]. During exercise, mitochondrial fission enhances, rather 

than impairs, mitochondrial function in the heart. This physiological fission is mediated by 

Drp1 and, unlike with pathological fragmentation, mitochondrial membrane potential is 

maintained and mitophagy is not activated [90]. Increased oxidative stress leads to activation 

of RhoA, increases phosphorylation of Drp1 at Ser 616, and leads to localization of Drp1 at 

mitochondria. Thus, activation of Drp1 mediates the protective effect of RhoA against 

oxidative stress in cardiomyocytes [92]. We have shown previously that persistent inhibition 

of Drp1 by genetic deletion or repetitive application of Mdivi-1 in the heart exacerbates 

myocardial I/R injury [9]. Thus, it is likely that although dysregulated activation of Drp1 in 

response to stress is detrimental for the heart, persistent inhibition of Drp1 is also 

detrimental since it would abolish homeostatic functions of Drp1, including induction of 

mitophagy and its positive effects upon mitochondrial respiration in the heart.

It is generally believed that fused mitochondria are more efficient at producing ATP than 

fragmented ones due to mixing of the matrix and inner membrane in response to acute 

demands. Mitochondrial fusion also allows complementation of gene products to 

compensate for the accumulation of mitochondrial mutations over the long-term [93]. Thus, 

excessive mitochondrial fission, which is supposed to exhibit opposite properties, has been 

proposed as an underlying mechanism of cardiac dysfunction in many animal studies based 

upon the presence of mitochondrial fission or sensitivity to chemical inhibitors of Drp1, 

including mdivi-1. However, since Drp1 may have fission-independent functions [91], and 

given that chemical inhibitors of Drp1 appear to also have some Drp1-independent effects 

[94], further investigation is needed to clarify whether cardiac dysfunction is induced 

primarily by excessive fission and whether other molecules besides Drp1 are also involved 

in its pathogenesis.

6. Concluding remarks

In this review we have discussed cellular functions of Drp1 with an emphasis on its role in 

mitochondrial quality control mechanisms and the pathophysiological roles of Drp1 in the 

heart. It is becoming clear that Drp1 influences the survival and death of cardiomyocytes, 

possibly through its fission-independent effects on mitophagy, apoptosis and respiration. 

However, further investigations are required to clarify whether the proposed cellular actions 

of Drp1, including mitophagy, apoptosis and regulation of respiration, are truly mediated 

through fission-independent mechanisms, and, if so, what the underlying molecular 

mechanisms are. Precise localization of Drp1 in mitochondria and the identity of proteins 
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interacting with Drp1 need to be clarified. Posttranslational modifications and other 

regulatory mechanisms by which Drp1 switches between physiological and pathological 

roles need to be identified. Further investigation regarding these issues would allow for 

control of Drp1 function with enhanced precision and the development of improved 

interventions to achieve better mitochondrial quality control in patients with heart disease.
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Highlights

• Drp1 critically regulates mitochondrial function through fission, autophagy/

mitophagy, and regulation of respiration.

• Drp1 controls cell death, including apoptosis and necroptosis, through fission-

dependent and -independent mechanisms.

• Dysregulation of Drp1 in cardiomyocytes contributes to cardiac pathology, 

including heart failure and myocardial injury.
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Figure 1. The role of Drp1 in mitochondrial quality control and cell death.
Mitochondrial quality control mechanisms include mitochondrial biogenesis, mitochondrial 

dynamics - fission and fusion, and mitophagy. Mitochondrial fission, which requires Drp1, is 

essential for segregation of damaged mitochondria for degradation. Drp1 is involved in Bax/

Bak- or Bnip3-dependent apoptosis by controlling outer mitochondrial membrane 

permeabilization. Drp1 associates with Bax at mitochondrial fission sites during cell death 

by apoptosis and acts downstream of Bax translocation but upstream of cytochrome c 

release. In addition, Drp1 promotes mPTP opening and induces necroptosis.
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Figure 2. Mitophagy is mediated by either Drp1-dependent or -independent mechanisms.
In Drp1-dependent mitophagy, mitochondrial fission mediated by Drp1 segregates damaged 

mitochondria, which are then degraded by LC3-dependent autophagy (a). Drp1 is also 

involved in alternative mitophagy, which occurs through a Ulk1/Rab9/Rip1-dependent 

mechanism. In this case, Drp1 is translocated to mitochondria through Rip1-mediated 

phosphorylation at Ser616 and forms a complex with Rab9 in an Ulk1-dependent manner 

(b). In Drp1-independent mitophagy, Parkin marks depolarized mitochondria, and separation 

and sequestration of damaged mitochondria into autophagosomes occur through a common 

mechanism in an LC3-dependent manner (c).
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