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Abstract
“Cellular reprogramming” facilitates the generation of desired cellular phenotype through the cell fate transition by affecting 
the mitochondrial dynamics and metabolic reshuffle in the embryonic and somatic stem cells. Interestingly, both the processes 
of differentiation and dedifferentiation witness a drastic and dynamic alteration in the morphology, number, distribution, and 
respiratory capacity of mitochondria, which are tightly regulated by the fission/fusion cycle, and mitochondrial clearance 
through autophagy following mitochondrial fission. Intriguingly, mitophagy is said to be essential in the differentiation of 
stem cells into various lineages such as erythrocytes, eye lenses, neurites, myotubes, and M1 macrophages. Mitophagy is 
also believed to play a central role in the dedifferentiation of a terminally differentiated cell into an induced pluripotent cell 
and in the acquisition of ‘stemness’ in cancer cells. Mitophagy-induced alteration in the mitochondrial dynamics facilitates 
metabolic shift, either into a glycolytic phenotype or into an OXPHOS phenotype, depending on the cellular demand. 
Mitophagy-induced rejuvenation of mitochondria regulates the transition of bioenergetics and metabolome, remodeling which 
facilitates an alteration in their cellular developmental capability. This review describes the detailed mechanism of the process 
of mitophagy and its association with cellular programming through alteration in the mitochondrial energetics. The metabolic 
shift post mitophagy is suggested to be a key factor in the cell fate transition during differentiation and dedifferentiation.

Keywords Cellular reprogramming · Mitophagy · Metabolic shift · Stemness · Differentiation

Introduction

The term “cellular reprogramming” refers to the conversion 
of a specific cell type into another. This concept came into 
existence after John Gurdon’s landmark experiments on 
Xenopus laevis, which described the significance of nuclear 
differentiation during embryonic development, following 
the discovery of the method for testing the potentialities 
of nuclei from embryonic cells by King and Briggs [1, 2]. 
Later, in the late twentieth century, Wilmut et al. demon-
strated that modifying somatic cell fate is possible even in 
mammals, after the successful birth of Dolly, a cloned sheep 
[3]. Specifically, it has also been demonstrated that cellular 

pluripotency can be induced in a differentiated somatic cell 
by direct reprogramming in which a somatic cell type such 
as a fibroblast is converted to a pluripotent cell type—the 
induced pluripotent stem cell (iPSC). Encouraged from these 
studies, Takahashi and Yamanaka in [4] revolutionized stem 
cell biology when they partially reprogrammed the mouse 
embryonic fibroblasts into iPSCs by the overexpression of 
four mouse transcription factors—Oct4, Sox2, Klf4, and 
c-Myc (mOSKM)—using retroviral vectors, without requir-
ing oocyte cytoplasm [4]. Moreover, extensive research has 
led to the generation of completely reprogrammed mouse 
iPSC lines that have functional equivalence with mouse 
embryonic stem cells (ESCs) [5, 6]. Follow-up work fur-
ther re-established the reprogramming process in human 
cells, when iPSCs were derived by the ectopic expression 
of hOSKM transcription factors or by replacement with Klf4 
and c-Myc with NANOG and Lin28 [7, 8].

In contrast to non-selective autophagy or bulk autophagy, 
selective autophagy or cargo-specific autophagy might occur 
under nutrient-rich conditions to mediate the removal of 
long-lived protein aggregates or superfluous or damaged 
organelles. The term mitophagy was coined by Lemasters 
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and colleagues to describe the sequestration of mitochon-
dria into autophagosomal vesicles coated with a yeast Atg8 
homolog protein, viz. microtubule-associated protein 1 
light chain 3 (MAP1LC3), which occurred within 5 min of 
starvation and photodamage [9]. However, the first study 
on mitophagy-like events using electron microscopy of 
mammalian cells acknowledged an increased mitochon-
drial sequestration in lysosomes during glucagon-mediated 
catabolic stimulation of hepatocytes [10]. The selective 
autophagolysosomal degradation maintains the quality of 
mitochondria and homeostasis. In the context of mitophagy 
activation, the machinery involved in mitochondrial mor-
phology and dynamics regulated by fission/fusion has a great 
impact (Fig. 1a). Mitochondrial fusion is induced by the 
protein optic atrophy 1 (OPA1), which mediates fusion of 
the inner membrane, whereas the proteins Mitofusins 1 and 
2 (MFN1 and MFN2) mediate fusion of the outer membrane. 
Similarly, mitochondrial fission is regulated by the GTPase 
dynamin-related protein 1 (DRP1) [11]. The division or fis-
sion of mitochondria generates two structurally and func-
tionally distinct daughter mitochondria with polarized and 
depolarized phenotypes. The polarized daughter mitochon-
dria undergo fusion, forming a mitochondrial network, while 
the depolarized mitochondria are passed on for autophago-
lysosomal culling (Fig. 1a) [12, 13]. Mitochondrial dynam-
ics are facilitated by selective mitochondrial degradation, 
which is required for cellular function and development. 
Broadly, mitophagy can be categorized into quality control-
related mitophagy and developmentally induced mitophagy. 
While quality control-related mitophagy is involved in the 
housekeeping functions of respiring eukaryotic cells that 
carry out lysosomal/vacuolar degradation of superfluous 
mitochondria or damaged mitochondria, developmentally 
induced mitophagy is involved in developmental processes 
such as maturation of reticulocytes. However, little infor-
mation is available regarding key mechanisms regulating 
mitochondrial dynamics and biogenesis within pluripotent 
stem cells (PSCs). Furthermore, the association between 
reprogramming-associated reduction of mitochondria and 
activation of mitophagy needs to be described in more detail. 
This document elucidates the role of mitophagy in the regu-
lation of cell fate transition.

Stem cells and mitochondria

Mitochondria are the essential regulators of all nucleated 
cells and govern the generation of cellular ATP by oxida-
tive phosphorylation (OXPHOS), heme biosynthesis, cal-
cium homeostasis, cell signaling, and apoptosis. Interest-
ingly, many studies suggest the pivotal role of mitochondrial 
homeostasis in the regulation of stem cell maintenance and 
differentiation [14–16]. During the process of stem cell 

differentiation and reprogramming, mitochondria undergo 
opposite and reversible alterations in the structural and 
functional integrity. Reverse remodeling of the mitochon-
drial network—immature mitochondrial network—was 
observed in the process of reprogramming of human and 
mouse somatic cells into iPSCs, whereas the elongation of 
the mitochondrial network was observed during the differ-
entiation of human embryonic stem cells (hESCs) [16–18]. 
The structural analysis indicated that undifferentiated human 
and mouse ESCs have spherical mitochondria with poorly 
developed cristae, fewer copies of mitochondrial DNA 
(mtDNA), and perinuclear distribution compared to their 
long, tubular-shaped, branched, and cristae-rich somatic 
cell counterparts (Fig. 2a) [19]. However, besides the mor-
phological and ultrastructural changes during differentia-
tion, there occurs an increase in the mitochondrial mass, 
mitochondrial DNA copy number, oxygen consumption, 
respiratory reserve capacity, and reactive oxygen species 
(ROS), while the rates of glycolysis and lactate produc-
tion are reduced in mouse embryonic stem cells (mESCs), 
hESCs, and iPSCs (Fig. 2a) [19–23]. An in vivo study on 
spermatogonia, inner cell mass and early embryos suggests 
that relatively immature-appearing mitochondrial network 
and comparatively lesser mitochondrial activity appear to 
be prospective features of ‘stemness’ [24]. As mitochondria 
undergo opposite and reversible alterations in morphology 
and metabolism, the plasticity of mitochondrial networks 
is regularly maintained by a constant balance between the 
mitochondrial fusion/fission, the modulation of fusion/fis-
sion balance could perform an important role in the suste-
nance and maintenance of ESCs [25]. Moreover, the subcel-
lular content, configuration, and distribution of mitochondria 
are highly variable during the cell fate transition. Further-
more, the spectacular reduction of mitochondrial number 
and mass in iPSCs compared to their parental somatic cells 
tends to indicate an involvement of mitophagy-like events 
during the process of cell fate conversion [26, 27].

Mitophagy and mechanism

The timing to target the mitochondria for selective autophagy 
is the first major concern faced by a cell in the context of 
mitophagy. An evolutionarily conserved protein kinase aden-
osine monophosphate-activated protein kinase (AMPK), a 
potent sensor of intracellular energy, is activated in response 
to nutrient depletion and other endogenous and exogenous 
stress [28]. Egan et  al. reported that AMPK-mediated 
phosphorylation of UNC-51-like kinase (ULK1) in a yeast 
ATG1 homolog connects energy sensing to mitophagy. Their 
study reported that the loss of AMPK or ULK1 may lead to 
anomalous accumulation of the autophagic adaptor p62 and 
impaired mitophagy. Moreover, it was found that in contrast 
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Fig. 1  Mitophagy mechanism and its role in cellular homeostasis. 
a AMPK might act as a mitophagy sensor and N-myristoylation of 
AMPKβ by the type-I N-myristoyltransferase 1 (NMT1) facilitates 
AMPK recruitment to the damaged mitochondria and further AMPK-
mediated recruitment of ATG16-ATG5-12 and VPS34 to form 
autophagosome around mitochondria. Mitochondria structural and 
functional integrity is routinely managed by the fission/fusion cycle. 
The post-mitochondrial fission, the mitochondrial with lost mem-
brane polarity undergo autophagic degradation via the formation of 
mitophagosome and mitolysosome which serves great implication in 
cellular physiological events such as cell survival, cell death, and cel-
lular fate determination. The canonical mitophagy pathway requires 
the LC3 decorated autophagosome for mitochondrial selection and 
degradation which can be: b PINK–Parkin-dependent mitophagy 

involves the stabilization of PINK1 in the depolarized mitochondrial 
membrane leading to the recruitment of Parkin. Parkin ubiquitinates 
the mitochondrial membrane protein which in turn interact with the 
autophagy adaptor molecules such as p62, NBR1, AMBRA1, OPTN, 
and NDP52 to form the mitophagosome; c PINK–Parkin independent 
mitophagy do not require the autophagy adaptor molecules rather the 
outer mitochondrial receptors for mitophagy-like BNIP3, BNIP3L/
Nix, BCL2L13, and FUNDC1 directly interacts with LC3 to form 
mitophagosome; d lipid-mediated mitophagy involves lipid molecules 
such as C18 ceramide and cardiolipin as mitophagy receptor. e The 
non-canonical mitophagy do not involve the LC3-studded autophago-
some rather it performs the endo-lysosomal degradation of mitochon-
dria-derived vesicle
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to wild-type controls, expression of the autophagic adap-
tor p62 and the mitochondrial marker protein cytochrome 
c oxidase subunit IV (COX IV) were significantly elevated 
in AMPK- or ULK1-deficient hepatocytes, suggesting that 
AMPK-phosphorylated ULK1 is highly essential for mito-
chondrial homeostasis and connects the sensing of cellular 
energy to mitophagy [29]. A spatiotemporal model for selec-
tive mitochondrial recruitment in mitophagy was proposed 
to explain this. N-Myristoylation of AMPKβ by the type-I 
N-myristoyltransferase 1 (NMT1) is required for recruitment 
of AMPK to the mitochondria. Moreover, mitochondrial 
damage leads to the physical association of AMPK with 
ATG16-ATG5-12 and AMPK-dependent recruitment of the 
vacuolar protein sorting 34 (VPS34) and ATG16 complexes 
within the mitochondria (Fig. 1a) [30]. The next major con-
cern is to determine how a mitochondrion can be exclusively 
targeted to the autophagosome. It has been observed that the 
ubiquitin-like protein LC3 plays an active role in the bio-
genesis of autophagosome and participates in cargo-specific 
recruitment [24]. The protein LC3 contains an evolutionar-
ily conserved W and L hydrophobic pocket that helps in 
the docking of proteins containing LC3 interacting region 
(LIR) motif, Atg8-family-interacting motif (AIM), or LC3 

recognition sequence (LRS) [31–36]. This motif comprises 
a core consensus sequence of [W/F/Y]xx[L/I/V] having an 
aromatic residue followed by a hydrophobic residue and 
preceded by negatively charged residues that help the posi-
tively charged residues on the proteins to interact with LC3 
[31, 37–39]. Moreover, the phosphorylation of autophagic 
receptor of serine/threonine residues in the LIR preceding 
region is crucial for the regulation of autophagy [40]. In 
this context, two modes of mitophagy, namely canonical 
and non-canonical mitophagy, can be described. Canoni-
cal mitophagy relies on autophagy-dependent degradation, 
whereas non-canonical autophagy involves autophagy-inde-
pendent endo-lysosomal degradation of mitochondria.

Canonical mitophagy

The LIR motif-containing receptors, localized on the sur-
face of the outer mitochondrial membrane (OMM), guide 
the cargo to interact with LC3 containing autophagosome 
and form the basis of mitophagy [31]. Based on the man-
ner of targeting mitochondria, two groups of receptor sys-
tems exist. The first group of receptors, including seques-
tosome-1 (SQSTM1/p62), Neighbor of Brca1 (NBR1), 

Fig. 2  Mitochondrial dynamics in different cell types and cellu-
lar interconversion. a Mitochondria shows a tremendous alteration 
in morphology and bioenergetics in different in cell types including 
stem cells, terminally differentiated cells, cancer cell, and cancer stem 
cells which is necessary to maintain the required energy demand of 
specific cell type. b The cell types can undergo cell fate transition in 
specific set of conditions: (i) naïve stem cells and primed stem cells 
could ectopically inter-convert. (ii) “Differentiation” is the process 
where the pluripotent stem cells are transitioned into mature cells 
that are terminally differentiated and “Dedifferentiation” is conver-

sion of a terminally differentiated cell into undifferentiated condition. 
(iii) Pluripotency can be induced in the adult somatic cells through 
somatic “reprogramming” to generate induced pluripotent stem cells 
(iPSCs) via the use of transcription factor cocktail such as OCT4, 
SOX2, Klf4, and c-Myc and again, iPSCs can “redifferentiate” into 
a terminally differentiated cell type. (iv) The terminally differenti-
ated cells can convert into another terminally differentiated cell types 
without any undifferentiated intermediate through a process called 
“transdifferentiation”. (v) The cancer cells also can dedifferentiate 
into cancer stem cells and vice versa
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Activating molecule in BECN1 regulated autophagy pro-
tein 1 (AMBRA1), and optineurin (OPTN), contains a 
ubiquitin-binding domain which localizes them to Parkin-
ubiquitinated mitochondria (Fig. 1b) [32, 37–41]. On the 
other hand, the second group of receptors including BCL2/
adenovirus E1B 19 kDa interacting protein 3 (BNIP3), 
BCL2/adenovirus E1B 19 kDa interacting protein 3-like/
NIP3-like protein X (BNIP3L/NIX), Bcl-2-like protein 13 
(Bcl-rambo) (BCl2L13), and FUN14 domain-containing 
protein 1 (FUNDC1) contains a characteristic mitochondria-
targeting C-terminal trans-membrane (TM) domain and a 
Bcl-2 homology 3 (BH3) domain (Fig. 1c) [42–49]. Rather 
than direct interaction, the first group of receptors interacts 
with LC3 via the ubiquitin-binding adaptor protein contain-
ing LIR motifs. However, the second group of receptors can 
directly interact with LC3 via their LIR motif. Interestingly, 
there also exists a third group of receptor system, which 
involves lipids as mitophagy receptors (Fig. 1d) [50, 51].

PINK/Parkin‑dependent/ubiquitin‑binding 
domain‑containing receptor‑mediated mitophagy

PINK/Parkin-dependent mitophagy requires the core 
autophagic machinery, as it has been shown that blocking the 
activities of ATG3, ATG5, ATG7, and class III PI3K impedes 
selective elimination of mitochondria [32]. The serine/threo-
nine kinase-PTEN-induced putative kinase 1 (PINK1)-E3 
ligase Parkin1-mediated mitophagy is the best-understood 
mode of mitophagy, wherein PINK1 acts as a molecular sen-
sor for polarization of mitochondria. Upon polarization, the 
translocase of the outer membrane (TOM) and translocase 
of the inner membrane (TIM) complex in healthy mitochon-
dria constitutively import PINK1 to the inner mitochondrial 
membrane, wherein the presence of mitochondrial targeting 
sequence allows it to be localized on the mitochondrial mem-
brane. After successful import to the inner membrane, PINK1 
is readily cleaved by mitochondrial-processing protease (MPP) 
and the inner membrane presenilin-associated rhomboid-like 
(PARL) protease [52–54]. However, under depolarized condi-
tions, the loss of mitochondrial membrane potential prevents 
the import of PINK1 to the inner membrane and promotes its 
stabilization on the outer mitochondrial membrane. Accumula-
tion of PINK1 promotes the translocation of Parkin from the 
cytosol to damaged mitochondria (Fig. 1b) [54, 55]. Recruit-
ment of Parkin may occur in two ways. One method involves 
the phosphorylation of MFN2 at Ser (S) 442 and Thr (T) 111, 
rendering the phosphorylated MFN2 as a receptor to attract 
Parkin [56], and the second method involves the phosphoryla-
tion of both ubiquitin and ubiquitin-like domain of Parkin at 
Ser (S) 65 by PINK1, which drives the recruitment of Parkin 
to the OMM [57–59]. Following this, the Parkin appears to 
stimulate the formation of two types of polyubiquitin chains: 
Lys (K) 48 linkage associated with proteasomal degradation 

of the substrate, and Lys (K) 63 and 27 linkage associated with 
autophagic degradation (Fig. 1b) [60, 61]. The generation of 
Lys (K) 63- or 27-linked ubiquitin chains on outer mitochon-
drial membrane activates mitophagy rather than induction of 
proteasomal degradation [62]. Outer mitochondrial proteins 
such as MFN2, voltage-dependent anion channel 1 (VDAC1), 
and mitochondrial Rho GTPase 1 (MIRO1) are identified as 
the Parkin substrates [32, 37]. However, it has been observed 
that the LIR domain of the inner mitochondrial membrane pro-
tein Prohibitin2 binds to LC3 and leads to Parkin-dependent 
mitophagy in response to mitochondrial depolarization [63].

The ubiquitin-binding adaptor proteins are recruited 
to the ubiquitinated receptors on depolarized mitochon-
dria, facilitating the delivery of damaged mitochondria to 
autophagosomes by binding to LC3 [30, 56]. Moreover, the 
ubiquitination of OMM proteins also leads to the recruitment 
of different LIR-containing autophagic receptors, which bind 
to ubiquitin-tagged OMM proteins such as p62, optineurin, 
and NBR1 (Fig. 1b) [37, 40, 64]. However, the mitochon-
drial clustering proteins p62 and VDAC1 have been reported 
to be dispensable in the downstream mitochondrial degrada-
tion [65]. The Beclin 1-PI3K complex can directly interact 
with PINK1 and Parkin [66]. Moreover, AMBRA1, an acti-
vator of the Beclin 1 complex, may be recruited by Parkin 
to depolarized mitochondria, leading to the activation of the 
Beclin 1 complex and nucleation of the pre-autophagosomal 
membrane around damaged mitochondria [67]. AMBRA1, 
with its LIR motif, locally activates and directly captures 
the autophagosomes at depolarized mitochondria [68, 69]. 
Furthermore, the cytoplasmic E3 ubiquitin ligase SMAD-
ubiquitin regulatory factor1 (SMURF1) can trigger Parkin-
dependent mitophagy by assisting the delivery of mitochon-
dria to the autophagosome [70]. In Parkin-overexpressing 
cells, PINK1-recruited autophagic receptors such as nuclear 
dot protein 52 kDa (NDP52) and OPTN further recruit initi-
ating factors for autophagy, including ULK1, double FYVE-
containing protein 1 (DFCP1), and WIPI-1, independently of 
LC3, onto depolarized mitochondrial membrane, suggesting 
that autophagosomes are produced in damaged mitochondria 
and processing of LC3 can be localized for the downstream 
engulfment of mitochondria into autophagosome [38, 70]. 
Again, the cellular energy sensor AMPK is spatially local-
ized to mitochondria, providing a potential sensing mecha-
nism to signal the local production of autophagosomes 
(Fig. 1a) [69].

PINK1/Parkin‑independent/mitochondrial targeting TM 
domain and BH domain‑containing receptor‑mediated 
mitophagy

The overexpression of Parkin in PINK1-null mutant Dros-
ophila was shown to rectify defects in mitochondrial integ-
rity, suggesting that PINK1 is not essential for Parkin 
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function [71] and mitophagy can occur independently of 
PINK–Parkin (Fig. 1c). The PINK1/Parkin-independent 
mitophagy receptor system involves a group of LIR-con-
taining receptors that contain mitochondria targeting the TM 
domain, which helps them to constitutively localize at the 
OMM. Report suggests that BH domains are required for 
fragmentation of mitochondria [48]. It is worth mentioning 
that TM domains containing OMM-localized mitophagy 
receptors contain conserved serine/threonine preceding the 
LIR and the LIR phosphorylation status characterizes a vital 
mitophagy receptor system allowing them to co-localize 
with the autophagosome mediated by LC3. Several types of 
mitophagy receptors or receptor-related factors have been 
identified in mammalian cells, including NIX/BNIP3L, 
FUNDC1, and BCL2L13 (Fig. 1b) [72, 73].

BNIP3 and its homolog BNIP3L/NIX are a BCL-2 sub-
family of BH3-only proteins localized to OMM via their 
C-terminal TM domains and play the role of mitophagy 
receptor via the cytoplasm-oriented typical N-terminal LIR 
motif which helps in its association with the autophago-
some and regards it as a mitophagy receptor [44, 45, 74]. 
As mentioned earlier, the activity of BNIP3 depends on the 
phosphorylation of Ser (S) 17 and 24 residues flanking the 
LIR region of the polypeptide, and stimulates its binding 
to LC3B and Golgi-associated ATPase enhancer of 16 kDa 
(GATE-16) [43]. Like BNIP3, Ser (S) 34/35 phosphoryla-
tion of SWxxL LIR motif of NIX promotes mitophagy [75]. 
Moreover, the interaction of Rheb with NIX was reported to 
induce mitophagy to balance the demand for mitochondrial 
quality control [76]. Furthermore, FUNDC1, with three TM 
domains and a typical N-terminal LIR Y (18) xxL23 motif 
exposed to the cytosol, is a promising mitophagy receptor 
located on the OMM. The interaction between FUNDC1 
and LC3 is highly dependent on the conserved Tyr (Y) 
18 and Leu (L) 21 residues. Mutations in this motif were 
described to inhibit the interaction between FUNDC1, LC3, 
and mitophagy [46]. Dephosphorylation of both Ser (S) 13 
and Tyr (Y) 18 of FUNDC1 in response to hypoxic stress in 
the LIR motif and Ser13 induces mitophagy [77]. Moreover, 
the mitochondria-localized phosphatase phosphoglycerate 
mutase family 5 (PGAM5) mediates the dephosphorylation 
of FUNDC1 at Ser (S) 13, which facilitates better interaction 
of LC3 and FUNDC1, resulting in selective incorporation 
in the autophagosome and subsequent mitophagy [75, 78]. 
ULK1 is also involved in the phosphorylation of Ser (S) 17 
of the FUNDC1 LIR motif, facilitating the binding of LC3 
and mitophagy [47]. The presence of a WxxL LIR motif in 
BCL2L13 and its similarity to the yeast mitophagy receptor 
Atg32 help in identifying it as a mitophagy receptor. It gets 
anchored to OMM via its C-terminal TM domain [48]. Its 
BH domain carries out mitochondrial fragmentation inde-
pendent of DRP1 and directs fragmented mitochondria to 
autophagosomes and endo-lysosomes [75]. BCL2L13 has 

two WxxL/I LIR motifs at positions 147–150 and 273–276, 
of which the motif at residues 273–276 is a functional LIR 
motif that interacts with LC3 [48]. Increased LIR activation 
via the phosphorylation of Ser (S) 272 residue of BCL2L13 
promotes the mitochondria to co-localize with autophago-
somes [79]. Recently, our group had reported that p53 
upregulated the modulator of apoptosis (PUMA), a BH3-
only protein which contains LIR at the C-terminal end and 
interacts with LC3 to induce mitophagy [80].

Lipid‑mediated mitophagy

Like the protein mitophagy receptors, certain lipid mol-
ecules such as ceramide and cardiolipin act as mitophagy 
receptors when localized to the OMM. These lipids can 
directly interact with LC3 to induce mitophagy (Fig. 1d). 
Cardiolipin, a negatively charged phospholipid that gener-
ally resides within the inner mitochondrial membrane, gets 
externalized to OMM by phospholipid scramblase-3 (PLS3) 
during mitochondrial stress [51]. Cardiolipin undergoes 
electrostatic interactions with positively charged R11 and 
R10 residues in the cardiolipin-binding region of LC3A and 
LC3B [45]. Moreover, although the LC3-deletion mutant 
of the cardiolipin-binding site could not induce mitophagy, 
it could induce non-selective autophagy [51]. Similarly, 
C18-ceramide at the OMM can directly bind with I35 and 
F52 of LC3B to induce DRP1-dependent mitophagy [36, 
50].

Non‑canonical mitophagy

In contrast to canonical mitophagy, the non-canonical modes 
of mitophagy do not require LC3-decorated autophago-
somes; instead, they exhibit direct inter-organellar inter-
actions between the mitochondria and endo-lysosomes 
(Fig. 1d) [81–83]. In this case, despite the presence of whole 
mitochondria, the PINK1- and Parkin-induced mitochon-
dria-derived vesicles (MDVs) are targeted to lysosomes 
independent of autophagy and function as a homeostatic 
quality control mechanism for small-scale levels of damage 
that do not require the sacrifice of an entire mitochondrion 
[81]. The X-linked inhibitor of apoptosis (XIMP), E3 ligase-
mediated activation of ubiquitylation at the OMM, and inner 
mitochondrial membrane (IMM) promote autophagy-inde-
pendent movement of endo-lysosomal machinery into mito-
chondria [83, 84]. Moreover, the p53-induced mitochon-
dria-eating protein (Mieap) promotes the endo-lysosomal 
degradation of mitochondria in an autophagy- and Parkin-
independent manner [82, 85]. Interestingly, BNIP3 or NIX 
LIR mutants bereft of mitophagic function also activate the 
non-canonical mitophagy pathway [83]. The most important 
advantage of non-canonical mitophagy is the involvement of 
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direct interactions between endo-lysosomes and mitochon-
dria which saves time.

Mitophagy regulates the stem cell fate

Mitophagy promotes stem cell survival

Mitochondrial activity and metabolism influence the lifes-
pan of stem cells. However, the mechanism of decline in 
the functionality of stem cells with respect to age remains 
unclear. It has been reported that the pro-apoptotic protein 
p53 could deplete the stem cells under telomere attrition or 
oncogenic stimuli [86]. It has also been demonstrated that 
mitophagy-dependent removal of p53 allows the expres-
sion of NANOG and promotes cell survival and hepatic 
carcinogenesis [87]. Again, the reduction of mitophagy-
related genes PINK or Parkin induces intestinal stem cell 
senescence [88]. A recent report has described an interest-
ing phenomenon, wherein foreign somatic cell-derived mito-
chondria were removed in a mitophagy-dependent manner 
from mesenchymal stem cells (MSCs), which induced the 
expression of cytoprotective enzymes heme oxygenase-1 
(HO-1) and facilitated mitochondrial biogenesis. MSCs 
donate their mitochondria to the neighboring injured cells 
and facilitate their survival from oxidative stress-induced 
death [89]. MSCs are also reported to outsource mitophagy 
via arrestin domain-containing protein 1-mediated MVs 
(ARMMs) to unload mitochondria to be engulfed by mac-
rophages, re-utilized to increase bioenergetics, and shuttle 
microRNAs through extracellular vesicles that promote cell 
survival [90]. Further studies also report that the deletion of 
the autophagy protein ATG7 leads to the accumulation of 
mitochondria due to the inefficient removal by mitophagy, 
resulting in the loss of normal HSC functions and death of 
mice within weeks [91].

Mitophagy regulates cellular potency

Mitophagy and stemness

Self-renewal and pluripotency are the key characteristics 
of stem cells. Stem cells are broadly classified into embry-
onic stem cells (inner mass of blastocyst) and non-embry-
onic “somatic” or “adult” stem cells. ESCs are pluripo-
tent, which means that they may give rise to all cell types 
of the body, whereas adult stem cells, somatic stem cells, 
or tissue-specific stem cells (multipotent or unipotent) are 
more specialized than ESCs and can generate various cell 
types within specific tissues or organs. In particular, stem 
cells have two phases of pluripotency: Naïve and Primed 
[92]. Embryonic cells remain pluripotent within the inner 
cell mass of pre-implantation embryos, but during the 

course of development, they lose potency as they start to 
commit for differentiation into specific somatic lineages 
during post-implantation development. ESCs in the pre-
implantation embryos are referred to as “Naïve”, while they 
become ‘Primed’ during post-implantation development in 
the embryo. The naïve ESCs are the developmental ground 
state, whereas the primed ESCs represent a relatively more 
mature stage. The conversion from Naïve to Primed can 
be achieved using a mixture of five kinase inhibitors (5i), 
human leukemia inhibitory factor (hLIF), and growth factor 
activin [93]. The reverse conversion from Primed to Naïve 
can be achieved through ectopic expression of NANOG and 
KLF4, and inhibition of the ERK pathway by two inhibi-
tors (2i) (Fig. 2b) [94]. Moreover, somatic cell reprogram-
ming into iPSCs can be done with OSKM (OCT4, SOX2, 
KLF4, c-Myc) [95] (Fig. 2b). Recent studies have suggested 
that mitophagy plays a pivotal role in the maintenance and 
differentiation of stem cells. Cell reprogramming faces the 
challenge of balancing stability and plasticity and must 
overcome critical barriers such as cell-cycle checkpoints, 
epithelial–mesenchymal transition (EMT), and metabolic 
reprogramming, to progress cell fate conversion from a sto-
chastic early phase to pluripotency. Although several reports 
explain the role of mitophagy in somatic cell physiology, its 
proposed critical role in maintaining the archetypal proper-
ties of stem cells is now rudimentary.

Developmentally associated mitophagy has been reported 
to maintain the archetypal properties of stem cells. Repro-
gramming of somatic cells to iPSCs has been proposed 
to bio-energetically take advantage of mitophagy. In this 
regard, the loss of PINK1-dependent mitophagy was 
observed to reduce iPSC reprogramming, indicating that 
mitophagy regulates cell fate plasticity and maintains pluri-
potency [96]. Another study has described the mechanism 
of regulation of induced pluripotency by mitophagy using a 
pharmacological mitochondrial division inhibitor 1 (mdivi-
1) that prevented the self-assembly of DRP1. Moreover, 
mdivi-1 is also reported to inhibit mitochondrial complex 
I-dependent  O2 consumption reversibly and inverse electron 
transfer-mediated ROS generation at 50 μM concentration 
that aim mitochondrial fission [97]. It was also observed that 
the inhibition of mitophagy by inhibiting DRP1 negatively 
affected the reprogramming efficiency of mouse embryonic 
fibroblasts when transduced with the Yamanaka three-factor 
cocktail (OCT4, KLF4, and SOX2) (Fig. 3). The study also 
reported that if mdivi-1 was treated at the early stages of 
reprogramming, complete inhibition of somatic cell repro-
gramming into pluripotent cells was achieved, pointing to 
the potential involvement of mitophagy in the regulation of 
cell fate [98]. Furthermore, the somatic cell reprogramming 
by SKP/SKO (Sox2, Klf4, and Pou5f1/Oct4) and SKPM/
SKOM (SKP/SKO with Myc/c-Myc) was also reported to 
involve BNIP3L-dependent mitophagy [99]. Similarly, the 
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deletion of Atg3 was found to be associated with a reduction 
in the removal of mitochondria through autophagy, repro-
gramming efficiency, induction of pluripotency, and accu-
mulation of abnormal mitochondria in established iPSCs 
(Fig. 3) [100]. Moreover, hematopoietic stem cells (HSCs) 
positive for the angiopoietin receptor Tie2 were found to 
significantly enrich mitophagy-related genes including Par-
kin, PINK1, OPTN, TOM7, MAPLC3a, and p62/SQSTM1, 
which confirms the relationship between mitophagy and 
pluripotency [101]. The higher occurrence of mitophagy 
reduces mitochondrial mass and differentiation of stem cells 
and facilitates the retention of “Stemness Status”, resulting 
in various disease conditions. In this context, it was reported 
that increased mitophagy occurs in mesenchymal stem cells 
associated with progressive supranuclear palsy, inhibits their 
differentiation into adipocytes, and retains their stem-like 
features [102]. Again, selective mitophagy in adipose stem 
cells has been reported to reduce the chondrogenic differ-
entiation potential in equine metabolic syndrome, allowing 
them to maintain their “stemness” status [103].

Mitochondrial dynamics and stemness

Although the mitochondrial fission/fusion cycle dictates 
mitochondrial dynamics, it is also involved in the process 

of mitophagy. The process of fission and fusion reciprocally 
regulates the process of selective mitochondrial elimination 
[104]. Mitochondrial fission divides the fused and elongated 
mitochondria into pieces of a manageable size to be engulfed 
by the autophagosome for quality control and selective 
removal by mitophagy. Mitochondrial fission is considered 
to be one of the prerequisites for the initiation of mitophagy 
[105–107]. The activation of mitochondrial fission protein 
DRP1 to p-DRP1-(S)-616 due to phosphorylation by cyclin 
B1 in REX1-overexpressed condition is associated with the 
mitochondrial fission-associated pluripotency (Fig. 3) [108]. 
Moreover, the erv1-like growth factor (Gfer) modulates the 
levels of DRP1 for maintenance of mESC mitochondrial 
morphology, function, and preservation of the expres-
sion of pluripotency marker in these primitive cells dur-
ing homeostasis [109]. Furthermore, it has been described 
that the Yamanaka four-factor cocktail OSKM-mediated 
cell reprogramming prompts mitochondrial fission and any 
impairment in this process leads to a reduction in cellular 
reprogramming by interfering with cell-cycle progression in 
a DNA damage-independent manner (Fig. 3) [110]. In addi-
tion, it has now been confirmed that the critical involvement 
of fatty acid synthesis pathway promotes ESC pluripotency 
and iPSC formation through regulation of mitochondrial 
fission [111]. Unlike mitochondrial fission, mitochondrial 

Fig. 3  Mitophagy regulates 
cellular pluripotency. Induction 
of mitophagy via the activation 
of mitochondrial fission through 
the OCT4, KLF4 and SOX2 
cocktail, cyclin b1 dependent 
DRP1 Ser (S) 616 phosphoryla-
tion, ACC1 enzyme mediated 
lipogenesis leads to the dedif-
ferentiation of somatic cells into 
stem cells. Moreover, the inhibi-
tion of mitochondrial fusion by 
reduced expression of MFN1 
leads to activation of HIF1α 
and Ras–Raf and inhibition of 
p53–p21 which further leads to 
mitophagy-mediated acquisi-
tion of pluripotency. REX1, 
ACC1, Parkin, PINK1, Optineu-
rin, TOM7, MAP1LC3a, p62/
Sqstm1 and ATG3 are also 
implicated in inducing pluripo-
tency through the activation of 
mitophagy. The activation of 
CDK5 in cancer cells leads to 
the phosphorylation of DRP1 
at Ser (S) 616 leading to mito-
chondrial fission, mitophagy 
and cancer stemness
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fusion is supposed to inhibit mitophagy [104]. In this con-
text, the depletion of mitochondrial fusion proteins MFN1/2 
is reported to reciprocally inhibit the p53–p21 pathway that 
promotes both the conversion of somatic cells to a pluripo-
tent state and the maintenance of pluripotency (Fig. 3) [112]. 
Moreover, the induction of mitochondrial fusion has been 
correlated with the inhibition of mitophagy and reduction of 
somatic cell reprogramming to pluripotency [98].

Mitophagy and cancer stemness

The role of mitophagy in developing stemness in cancer 
cells has recently become a subject of intense discussion. 
Cancer stem cells (CSCs), cancer initiating cells (CICs), or 
tumor initiating cells (TICs) are a small subpopulation of 
intra-tumor cells that possess the unique ability of exclu-
sive self-renewal, tumorigenesis, and metastatic potential. 
Like normal stem cells, CSCs have an inherent ability of 
enhanced resistance to DNA damage and apoptosis. How-
ever, unlike the bulk tumor cells, CSCs are capable of unlim-
ited self-renewing hierarchical differentiation and tumori-
genicity. Moreover, enhanced invasive capacity, metastatic 
proficiency, and EMT in CSCs confer resistance to therapy, 
resulting in the relapse of cancer [113, 114]. Our group is 
actively working on the acquisition of stemness and chem-
oresistance in cancer stem cells in oral cancer. Recently, we 
have reported that the mitophagic flux in cisplatin-resistant 
oral cancer cells is higher, and that these resistant cells pos-
sess higher stemness than their parental counterparts [115]. 
Several lines of evidence reveal that the fission factor DRP1 
is closely associated with CSCs and its fate determination. 
Brain tumor initiating cells (BTICs) contain fragmented 
mitochondria, suggesting increased mitochondrial fission. 
The phosphorylation of p-DRP1Ser616, catalyzed by cyclin-
dependent kinase 5 (CDK5), regulates mitochondrial fission 
which plays an active role in the maintenance of stemness by 
downregulating the activation of AMPKα (Fig. 3). A study 
reported that cyclooxygenase-2 (COX-2) maintained the 
stemness of nasopharyngeal carcinoma (NPC) by enhanc-
ing the activity of DRP1 both in vitro and in vivo (Fig. 3) 
[116]. Perinuclear distribution of mitochondria and mito-
chondrial fission in NPC causes a switch from oxidative 
phosphorylation to glycolysis, which is considered to be a 
key event in the acquisition of stem-like characteristics in 
cancer [117]. Moreover, Parkin-dependent mitophagy gen-
erates EMT-mediated CD44 high transformed esophageal 
keratinocytes, which is associated with the pathogenesis of 
esophageal squamous cell carcinoma (ESCC), characterized 
by invasion, metastasis, and resistance to treatment [118]. 
Recently, it has been reported that mitophagy in hepatic 
cancer cells inhibits the binding of p53 to the promotor of 
NANOG—a transcription factor associated with stemness 
and self-renewal of CSCs, thereby maintaining hepatic CSC 

population [87]. Similarly, mitophagy flux and BNIP3L 
expression have been shown to be significantly higher in 
 CD133+/CD44+ HCT8 human colorectal cancer-derived 
CSCs [119]. The relevance of mitophagy in CSC phenotypes 
is under-explored. A detailed experimental investigation of 
the implications of mitophagy in the acquisition and mainte-
nance of stemness is required to control the cancer stemness, 
tumorigenicity, and recurrence.

Mitophagy and differentiation

Apart from quality control and maintenance of pluripotency, 
mitophagy also participates in the cellular differentiation 
during specialized developmental stages in mammalian 
cells. Developmentally controlled mitophagy promotes 
cellular differentiation in several distinct developmental 
contexts. Autophagy-mediated selective removal of mito-
chondria is implicated in differentiating reticulocytes. Eryth-
rocyte maturation involves canonical autophagic degradation 
of mitochondria. Knocking out Atg5 was observed to inhibit 
mitochondrial degradation and reduce reticulocyte differ-
entiation (Fig. 4). NIX knockout animals showed 30–50% 
persistence of mitochondria in differentiated erythrocytes, 
suggesting the involvement of mitophagy in the maturation 
of reticulocytes (Fig. 4) [45, 72, 73]. Another finding by 
Barde et al. indicated that KRAB-containing zinc finger 
proteins (KRAB-ZFPs), together with their cofactor KAP1, 
controlled the timely elimination of mitochondria from 
maturing erythroblasts through mitophagy, further estab-
lishing the association between mitophagy and differentia-
tion (Fig. 4) [120]. Similarly, enhanced mitophagy in  CD34+ 
hematopoietic progenitor cells (HPCs) was observed during 
erythrocyte differentiation in β-thalassemia [121].

Mitophagy is also involved in the myogenesis or dif-
ferentiation of primitive myoblasts into mature myotubes. 
This is only possible due to the DNM1L/DRP1-mediated 
fragmentation, followed by the removal of mitochondria via 
p62/SQSTM1-mediated mitophagy (Fig. 4) and repopula-
tion of mitochondria via peroxisome proliferator-activated 
receptor gamma and coactivator 1 alpha (PPARGC1A/PGC-
1α)-mediated biogenesis with established mitochondrial 
networks that are better primed for OXPHOS [122, 123]. 
Similarly, the stable overexpression of a dominant negative 
mutant DRP1 (K38A) and mdivi-1 treatment was shown to 
dramatically reduce the myogenic differentiation into myo-
tube formation in both C2C12 cells and myogenic differenti-
ation of primary myoblasts (Fig. 4). Furthermore, mitophagy 
is also induced during the differentiation of mouse myoblasts 
in developmental transitions in the muscle tissue, and essen-
tial metabolic transitions that occur during the differentia-
tion of cardiomyocytes is proven to be mitophagy-dependent 
[122, 124].
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Similar to erythrocyte maturation and myogenesis, the 
process of neurogenesis is strictly dependent on the selec-
tive removal of mitochondria. Importantly, mitochondrial 
translocation of p53 during the early stages of neural differ-
entiation was shown to promote mitophagy which decreases 
the oxidative stress and promotes neurogenic potential and 
outgrowth of neurites (Fig. 4) [125]. Furthermore, it was 
reported that differentiation of embryogenesis-associated 
mouse retinal ganglion cells (RGCs) depends on BNIP3L/
NIX-mediated mitophagy (Fig. 4). NIX deficiency in retina 
leads to increased mitochondrial mass and decreased neu-
ronal differentiation (Fig. 4) [126]. Moreover, hypoxia trig-
gers the stabilization of HIF1A/HIF-1, resulting in increased 
BNIP3L-dependent mitophagy and RGC neurogenesis 
(Fig. 4) [127].

Moreover, the expression levels of genes for autophagic 
proteins ATG3, ATG4B, BECN1 (beclin-1), FYVE and 
coiled-coil domain-containing protein 1 (FYCO1), WD 
repeat domain phosphoinositide-interacting protein 1 
(WIPI1) and mitophagic proteins BNIP3L/NIX, BNIP3, 
Parkinson Juvenile Disease Protein 2 (PARK2), and p62/
SQSTM1 (Fig.  4) indicate a comprehensive array of 

mitochondrial regulatory and degradation pathways to 
maintain mitochondrial populations in the lens epithelium 
in maturing lens fiber cells [128]. Dual-label confocal imag-
ing and electron microscopic analysis by Costello et al. con-
firmed the presence of mitophagosomes (autophagic vesicles 
containing mitochondria) in lens epithelial cells, i.e., imma-
ture lens fiber cells during early stages of differentiation of 
lens fiber cells, suggesting the pivotal role of mitophagy 
in the differentiating lens fiber cells for lens development 
[129]. Moreover, the inhibition of mitophagy was demon-
strated to abrogate fibroblast differentiation [130]. Similarly, 
the inactivation of adipocyte mitophagy both in vitro and 
in vivo resulted in adipocytes with atypical morphology and 
with several small lipid droplets and large numbers of mito-
chondria in post-differentiated cells, implicating the impor-
tance of mitophagy in the pre-adipocyte differentiation into 
white adipocytes [131].

In some cases, it was reported that the conversion of one 
terminal phenotype into another is dependent on mitophagy. 
In this context, NIX-dependent mitophagy was shown 
to contribute to macrophage polarization toward the pro-
inflammatory and more glycolytic M1 phenotype, but not 

Fig. 4  Role of mitophagy in 
cell differentiation. ATG5, NIX, 
and KRAB-ZFPs and cofac-
tor KAP1-induced elimination 
of mitochondria govern the 
differentiation of reticulocytes. 
The BNIP3L/NIX, BNIP3, 
PARK2 and p62/SQSTM1 
mediated mitochondrial clear-
ance regulates eye lens dif-
ferentiation, whereas DNM1L/
DRP1-induced mitophagy could 
activate the myogenic differ-
entiation. Hypoxia-mediated 
activation of BNIP3L-NIX and 
mitochondrial translocation of 
p53 leads to mitophagy-depend-
ent neurogenic differentiation. 
NIX-dependent mitophagy 
induces the M1 polarization of 
macrophages
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the OXPHOS phenotypic M2 polarization (Fig. 4) [126]. 
Moreover, the transition of adipocytes from beige to white 
is regulated by autophagy-dependent clearance of mitochon-
dria [132].

Metabolic remodeling: a key factor 
in mitophagy‑mediated cellular 
reprogramming

Metabotypes of stem cells

Due to the essential role of mitochondria in the bioenergetics 
and depending upon the energy demand of the concerned 
cell, they undergo structural and functional remodeling. 
Such remodeling facilitates alterations in the respiratory 
function and determines the fate of the concerned cell. It 
was reported that different respiratory phenotypes determine 
the differentiation status of the cell and that mitophagy acts 
as a key mechanism for manipulation of the cell fate through 
the remodeling of metabolic pathways. The human pluripo-
tent stem cells (hPSCs) display lower OXPHOS with peri-
nuclear mitochondria that are less fused into a filamentous 
network structure with swollen, less mature appearing cris-
tae folds of the inner membrane (Fig. 2a). The hPSCs are 
metabolically similar to the developmentally more mature, 
glycolytic mouse epiblast stem cells (mEpiSCs), rather than 
mESCs, which show a bivalent metabolism that can dynami-
cally switch between glycolysis and OXPHOS on demand 
[133] (Fig. 2a). The human ESCs (hESCs) or EpiSCs, due 
to their low COX IV expression, have lower mitochondrial 
respiratory capacity despite having a more developed and 
expanding mitochondrial content (Fig.  2a). Moreover, 
EpiSCs/hESCs are functionally comparable to the glycolytic 
phenotype in cancer (Warburg effect) (Fig. 2a) [95, 133]. 
Naïve hPSCs or ground state hPSCs show higher ATP pro-
duction through OXPHOS as compared to the more mature 
“primed” hPSCs, which are more glycolytic (Fig. 2a) [95]. 
Furthermore, fibroblasts are more oxidative than primed 
hPSCs and factors inducing glycolysis inhibit OXPHOS to 
promote iPSC reprogramming. Mitochondrial integrity and 
functional energetics cause relative shifts in metabolism, 
from Naïve through “Primed” pluripotent states and finally 
to lineage-directed differentiation [95].

Metabolic transition and cell fate

Extensive metabolic reconfiguration is a crucial phe-
nomenon reported to occur during transition of cell fate. 
Somatic cell reprogramming to iPSCs primarily involves 
the transition from OXPHOS to glycolysis. This process 
is highly coordinated through the epi-transcriptional net-
works that promote the upregulation of glycolytic genes 

and downregulation of OXPHOS genes. The structural and 
morphological conversion into immature mitochondria 
makes them ineligible for the OXPHOS. Moreover, induced 
pluripotency could be achieved by the activation of pyruvate 
dehydrogenase kinase 1 (PDK1) in combination with only 
one transcription factor OCT4 that facilitates the metabolic 
transition from OXPHOS to glycolysis [18]. The glycolytic 
genes precede the expression of pluripotent genes metabolic 
remodeling could be regarded as essential pre-requisites dur-
ing the dedifferentiation process (Fig. 5b) [18]. Intriguingly, 
the role of mitophagy in metabolic transition and its subse-
quent effect on cell fate is poorly understood, making it a 
prospective aspect worth exploring. However, the few avail-
able studies indicate that mitophagy significantly influences 
the mitochondrial dynamics and a cell’s decision to remain 
pluripotent or undergo differentiation. Mitophagy may pro-
ceed to glycolysis or OXPHOS depending on the demand, 
and the cell fate is regulated accordingly.

The bioenergetic changes from OXPHOS to glycolysis 
critically regulate nuclear reprogramming, as it has been 
reported that inadequate bioenergetic metabotype cannot 
deliver the attributes of self-renewal and pluripotency to a 
cell. Moreover, quite interestingly, the cellular content and 
activity of the mitochondrial H+-ATPase synthase, a core 
component of OXPHOS in iPSCs, is dramatically limited. It 
can be observed that H+-ATPase synthase activity is directly 
correlated with OXPHOS and inversely associated with the 
rate of glucose utilization by aerobic glycolysis [134–136]. 
Furthermore, a significant downregulation of the catalytic 
β1-F1-ATPase subunit and an increase in the expression of 
ATPase inhibitor factor 1 (IF1) in adult stem cell (ASC) 
markers were reported to be associated with the maintenance 
of aerobic glycolysis [137]. In this scenario, mitophagy-
driven metabolic transition from OXPHOS to glycolysis 
induces pluripotency. A report indicates that depletion of 
MFN1/2 activates the Ras–Raf and hypoxia-inducible factor 
1α (HIF1α) signaling to facilitate the glycolytic metabolic 
transition at an early stage of reprogramming. The reduc-
tion of MFN1/2 facilitates pluripotency by restructuring the 
mitochondrial dynamics and bioenergetics [112]. The reju-
venation of mitochondria, which contributes to the ability of 
iPSCs to suppress differentiation, is due to the mitophagy-
driven bioenergetic transition and metabolome remodeling. 
To confirm this, the mitophagy-deficient iPSC colonies were 
observed to exhibit impaired glycolysis [96]. Moreover, in 
nasopharyngeal cancer models, the DRP1-mediated mito-
chondrial fission was reported to induce a metabolic switch 
from OXPHOS to glycolysis and promote cancer stemness 
(Fig. 5d) [117].

Unlike the dedifferentiation process, the differentiation 
of stem cells into a terminally differentiated mature pheno-
type requires the metabolic reprogramming into an oxida-
tive phenotype, concomitantly with a shift from cytosolic 
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anaerobic glycolysis to mitochondrial respiration to meet 
the increased energy demand [103]. To fulfill this require-
ment, the mitochondria undergo substantial modifications 
in terms of number, structure, morphology, and distribution, 
which enable them to undergo OXPHOS. For instance, dur-
ing differentiation, the skeletal myoblasts specifically shift 
from a highly glycolytic state to a phenotype relying pre-
dominantly on OXPHOS (Fig. 5b). In this case, it appears 
that mitophagy-driven metabolic transition into OXPHOS 
induces the differentiation of stem cells (Fig. 5b). The meta-
bolic remodeling into OXPHOS that promotes the terminal 
differentiation from the progenitor cells to a particular cell 
type is believed to be critically dependent on mitophagy. 
During early myogenic differentiation, mitochondrial fusion 
protein OPA1 is rapidly upregulated after dynamin-1-like 
protein (DNM1L)/DRP1-mediated mitophagy which results 
in the repopulation of mitochondria via peroxisome prolif-
erator-activated receptor-gamma coactivator (PGC)-1alpha 
(PPARGC1A)/PGC-1α-mediated biogenesis, resulting in the 
reformation of mitochondrial networks that are better primed 
for OXPHOS than myoblasts (Fig. 5b) [138]. In this case, it 
is apparent that the differentiating cell, upon receiving the 
signal for differentiation, initially gets rid of the immature 
mitochondria through mitophagy to form new mitochondria 
that can meet the energy demand.

Extensive metabolic resetting, wherein the mitochon-
drial activity is higher in most cell types, precedes cellular 

differentiation. In contrast, some studies reported that during 
neurogenesis, the achievement of hypoxia-induced BNIP3L-
dependent mitophagy-mediated metabolic shift toward 
glycolysis (not OXPHOS) regulates the numbers of RGCs 
and selects the first neurons to differentiate in the retina as 
well as decide which axons form the optic nerve (Fig. 5a). 
Moreover, mitophagy-mediated metabolic reprogramming 
to the glycolytic phenotype causes differentiation of mac-
rophages toward M1 polarization to develop a rapid immune 
response during inflammation (Fig. 5a) [127]. The transition 
to glycolysis facilitates the faster supply of energy for a rapid 
immune response. Hence, in this scenario, mitophagy-driven 
metabolic transition into glycolysis induces stem cell differ-
entiation. Similarly, a metabolic switch from mitochondrial 
fatty acid (FA) oxidation and pyruvate oxidation to glycoly-
sis and glutaminolysis in the quiescent skeletal muscle stem 
cells or satellite cells (SCs) occur during the transition to 
activation and proliferation state [139, 140]. Fine-tuning the 
flux of mitochondrial FA oxidation and histone acetylation 
by  NAD+-sirtuin-1 (SIRT1)-PGC1α axis might orchestrate a 
delicate balance of quiescence, proliferation, and senescence 
of skeletal muscle stem cells [138, 139].

The acquisition of stemness can be attributed to the abil-
ity of the cell to channelize the intermediates of the mito-
chondrial tricarboxylic acid (TCA) cycle to lipid biosyn-
thesis (lipogenesis), which is an important switch required 
for the self-renewal and differentiation of ESCs and iPSCs. 

Fig. 5  Mitophagy-mediated metabolic reshuffling regulates cell 
fate transition. a Mitophagy-mediated metabolic reprogramming 
towards glycolysis in dedifferentiated cells induces differentiation. b 
Mitophagy-mediated metabolic reprogramming towards glycolysis 
induces differentiation in terminally differentiated cells stimulates 
dedifferentiation, whereas mitophagy-mediated metabolic reprogram-

ming towards OXPHOS induces differentiation of dedifferentiated 
cells. c Metabolic reprogramming into increased lipogenesis in terms 
of fatty acid synthesis induces mitophagy-dependent dedifferentia-
tion. d Mitophagy-induced metabolic reprogramming towards glyco-
lysis promotes dedifferentiation of cancer cells and offers a stemness 
status
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Many predominant lipid metabolite molecules such as dia-
cylglycerol, arachidonic acid, and prostaglandins are also 
found in iPSCs [141]. The inhibition of lipogenic enzymes 
acetyl-CoA carboxylase (ACACA) and fatty acid synthase 
(FASN) has been reported to decrease the reprogram-
ming efficiency. Moreover, ACACA and FASN are highly 
expressed in iPSCs [142]. Pharmacological inhibition of 
ACACA and FASN has been reported to inhibit the forma-
tion of mammospheres in a fatty acid-dependent manner, 
which strongly advocates the role of de novo lipogenesis, 
lipid metabolites, and lipid catabolism in the self-renewal 
and survival of CSCs, and gives rise to a lipogenic state of 
stem cells [134, 141]. The FASN-driven lipogenic switch 
is the key metabolic event influencing the dedifferentiation 
process during the somatic cell reprogramming to iPSCs, by 
coupling the Warburg effect to anabolic metabolism [142]. 
Although, earlier reports emphasize that de novo lipogenesis 
is a crucial phenomenon in dedifferentiation, its correlation 
with mitophagic events is poorly understood. A recent study 
has reported that mitochondrial fission-dependent lipogene-
sis in terms of FA synthesis is crucial for the maintenance of 
stem cell pluripotency as well as during cellular reprogram-
ming (Fig. 5c). Experimentally, the lipogenic enzyme ACC1 
was observed to regulate de novo FA synthesis, resulting 
in increased mitochondrial fission. The mitochondrial fis-
sion occurs through the consumption of acetyl coenzyme A 
(AcCoA) leading to the degradation of acetylation-mediated 
mitochondrial fission 1 (FIS1) protein ubiquitin–proteasome 
and generation of lipid products favoring the mitochondrial 
dynamic equilibrium toward fission, which in turn is critical 
for the maintenance of stem cell pluripotency [111].

Conclusions and future perspectives

Apart from the quality control for cellular homeostasis, 
mitophagy also plays a crucial role in maintaining the 
balance between stemness and differentiation during the 
processes of cellular development and maturation. Mito-
chondrial division is tightly associated with cellular repro-
gramming to control the pluripotency of different stem cells. 
In addition, autophagy-dependent mitochondrial clearance 
influences the structural and functional aspects of mito-
chondria to determine cell fate and maintain homeostasis. 
Moreover, mitochondrial energy metabolism has been linked 
to mitophagy which influences the differentiation and com-
mitment of cell types. Mitophagy-regulated metabolic shift 
plays an essential role in facilitating the restoration of dif-
ferentiated cells to a pluripotent state. Although the details 
are yet to be explained, the role of mitophagy in maintaining 
cancer stem cell pool and promoting cancer progression is 
well known. As the levels of metabolites change remark-
ably during the cell fate transition, metabolic remodeling 

could be regarded as a prerequisite for cellular reprogram-
ming. However, there are still few issues which need to be 
addressed: (1) how does mitophagy occur independently 
of bulk autophagy; (2) how are mitochondria selectively 
targeted to autophagosome; and (3) when and how does 
mitophagy come into play in stem cell biology? Further-
more, it is still unclear how a cell identifies the healthy and 
damaged mitochondria to execute mitophagy. Moreover, the 
key machinery that acts as a mitophagy sensor still remains 
elusive. Future studies should focus on elucidating the abil-
ity of mitophagy to direct metabolic shift on the acquisition 
and maintenance of stem cell pluripotency and differentia-
tion to modulate different diseases, including aging and 
cancer.
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