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ABSTRACT
Mitochondrial dysfunction is involved in aging and multiple degenerative diseases, including interver
tebral disc degeneration (IVDD) and osteoarthritis (OA). Thus, the maintenance of mitochondria home
ostasis and function is important. Mitophagy, a process that selectively clears damaged or dysfunctional 
mitochondria through autophagic machinery, functions to maintain mitochondrial quality control and 
homeostasis. IVDD and OA are similar joint diseases involving the degradation of cartilaginous tissues 
that are mainly caused by oxidative stress, cell apoptosis and extracellular matrix (ECM) degradation. 
Over the past decade, accumulating evidence indicates the essential role of mitophagy in the patho
genesis of IVDD and OA. Importantly, strategies by the regulation of mitophagy exert beneficial effects 
in the pre-clinical experiments. Given the importance and novelty of mitophagy, we provide an overview 
of mitophagy pathways and discuss the roles of mitophagy in IVDD and OA. We also highlight the 
potential of targeting mitophagy for the treatment of degenerative joint diseases.

Abbreviations: AD: Alzheimer disease; AF: annulus fibrosus; ADORA2A/A2AR: adenosine A2a receptor; 
AMBRA1: autophagy and beclin 1 regulator 1; BMSCs: bone marrow mesenchymal stem cells; BNIP3: 
BCL2 interacting protein 3; BNIP3L/NIX: BCL2/adenovirus E1B interacting protein 3-like; CDH6: cadherin 
6; CEP: cartilaginous endplates; circRNA: circular RNA; DNM1L/DRP1: dynamin 1-like; ECM: extracellular 
matrix; HIF1A: hypoxia inducible factor 1: alpha subunit; IL1B: interleukin 1 beta; IMM: inner mitochon
drial membranes; IVDD: intervertebral disc degeneration; MAPK8/JNK: mitogen-activated protein kinase 
8; MFN1: mitofusin 1; MFN2: mitofusin 2; MIA: monosodium iodoacetate; RHOT/MIRO: ras homolog 
family member T; MMP: mitochondrial transmembrane potential; CALCOCO2/NDP52: calcium binding 
and coiled-coil domain 2; NFE2L2: nuclear factor: erythroid 2 like 2; NP: nucleus pulposus; OA: osteoar
thritis; OPA1: OPA1: mitochondrial dynamin like GTPase; OPTN: optineurin; PRKN: parkin RBR E3 ubiqui
tin protein ligase; PD: Parkinson disease; PGAM5: PGAM family member 5; PPARGC1A/PGC-1A: 
peroxisome proliferator activated receptor: gamma: coactivator 1 alpha; PHF23: PHD finger protein 23; 
PINK1: PTEN induced putative kinase 1; ROS: reactive oxygen species; SfMSCs: synovial fluid MSCs; SIRT1: 
sirtuin 1; SIRT2: sirtuin 2; SIRT3: sirtuin 3; SQSTM1/p62: sequestosome 1; TNF: tumor necrosis factor; Ub: 
ubiquitin; UBL: ubiquitin-like; VDAC: voltage-dependent anion channel.
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Introduction

The intervertebral disc is a fibrocartilaginous tissue located 
between adjacent vertebrae, composed of three main parts, the 
inner nucleus pulposus (NP) containing chondrocyte-like 
cells, the outer annulus fibrosus (AF), and cartilaginous end
plates (CEP) [1]. The resident NP cells serve for producing 
proteoglycan and type II collagen to control the ECM meta
bolism [2]. The highly specialized ECM within the IVD is 
essential for transmitting mechanical load and permitting 
movement of the spine [1]. Similarly, articular cartilage covers 
ends of long bones and allows joint movement, protecting 
bone tissue from mechanical damage. This cartilage consists 
of hyaluronic acid, type II collagen, and a rich proteoglycan 
matrix secreted by the only cartilage-resident cell, chondro
cytes [3]. Like NP cells, chondrocytes govern the homeostasis 
of articular cartilage through controlling ECM metabolism 
[4]. Therefore, the dysfunction and loss of these two types 

of cell could lead to disorders in the ECM, which is greatly 
associated with the progression of IVDD and OA [5,6].

IVDD and OA are prevalent joint diseases, causing heavy 
socioeconomic effects on today’s society. IVDD is an impor
tant cause of chronic lower back pain while OA is the leading 
cause of disability among the elderly population, thereby both 
IVDD and OA seriously affect life quality of people [7,8]. 
Unfortunately, at present, there is a limited approach to retard 
and reverse these two diseases. Recent studies have focused on 
understanding the pathogenesis of IVDD and OA for devel
oping effective therapies to alleviate their progression. 
Although the pathogenesis of IVDD and OA is complicated, 
the progressive degradation of cartilaginous tissue and the 
aberrance of NP cells and chondrocytes are considered as 
prominent factors involved in the development of both dis
eases. Hence, the protection of NP cells and chondrocytes is 
critical for maintenance of cartilage health and provide 
a therapeutic approach to IVDD and OA [9,10].
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Mitochondria, the “powerhouse” of the cell, produce cel
lular energy in the form of ATP and involves in various vital 
cellular processes [11]. The dysfunction of mitochondria is 
correlated with cell damage and a wide range of age-related 
diseases, including degenerative joint disorders [12]. 
Therefore, it is quite important to maintain mitochondria 
homeostasis. Mitophagy, a specialized form of autophagy 
that functions in regulating the turnover of dysfunctional 
mitochondria, acts as a pivotal mechanism for mitochondrial 
homeostasis [13]. Impaired mitophagy is correlated with 
a series of physiological and pathological processes, such as 
differentiation, apoptosis, aging, neurodegenerative disorders 
[14–16]. Recently, this mechanism has been extensively stu
died in IVDD and OA and is tightly involved in their patho
logical processes. Mitophagy impairment gives rise to the 
progressive accumulation of defective mitochondria, leading 
to apoptosis of NP cells and ECM degradation, contributing 
to the degeneration of cartilage [17,18]. In this review, we will 

provide a synopsis of mitophagy, and summarize emerging 
literature to discuss the contributions of mitophagy in IVDD 
and OA pathogenesis, highlighting its therapeutic implica
tions in degenerative joint diseases.

Overview of mitophagy pathway

Mitophagy is essential for the basal mitochondrial turnover 
and maintenance under physiological conditions while it 
could also be strongly provoked in response to various patho
logical stresses, such as mitochondrial transmembrane poten
tial (MMP) collapse, hypoxia, oxidative stress, and iron 
starvation [19]. There are several mitophagy mechanisms 
that have been found and different stimulus induce mito
phagy in distinct mechanisms. In general, mitophagy can be 
divided into PRKN (parkin RBR E3 ubiquitin protein ligase)- 
dependent and PRKN-independent pathways.

Table 1. Regulatory molecules of mitophagy in IVDD and OA.

Regulators Target cell/tissue Mitophagy pathway Main findings Reference

IVDD↓ 
PRKN

Rat NP cells PRKN-mediated mitophagy↓ Knockdown of Prkn promotes TNF-stimulated mitochondria-induced ROS 
generation and aggravates apoptosis of NP cells.

[17]

PINK1↓ Human NP cells PRKN-mediated mitophagy↓ Aggravates NP cells senescence under oxidative stress [63]
PRKN↓ Human endplate 

chondrocytes
PRKN-mediated mitophagy↓ Accelerates mitochondrial dysfunction and apoptosis in endplate 

chondrocytes under oxidative stress
[64]

MFN2↑ Rat NP cells PRKN-mediated mitophagy↑ Overexpression of Mfn2 attenuates cell damage and the development of 
IVDD in rats

[66]

circErcc2↑ Rat NP cells Mir182-5p-SIRT1-PRKN 
-mediated mitophagy↑

Attenuates apoptosis, ECM degradation and enhances mitophagy in 
response to oxidative stress and retards IVDD in rats.

[68]

FOXO3↑ Rat NP cells PRKN-mediated mitophagy↑ Inhibits mitochondrial dysfunction, cell apoptosis and ECM degradation 
under nutrient deficiency

[86

NDUFA4L2↑ Rat NP cells PRKN-mediated mitophagy↓ Facilitates the survival of NP cells by repressing excessive mitophagy, and 
alleviates IVDD in rats

[62]

PPARGC1A↑ Rat AF cells SIRT2-PPARGC1A-PRKN 
-mediated mitophagy↓

Protect AF cells against apoptosis under oxidative stress [87]

OA 
PRKN↓

Human chondrocytes PRKN-mediated mitophagy↓ Depletion of PRKN increases mitochondrial dysfunction and oxidative stress 
under the IL1B stimulation

[18]

PRKN↑ Human chondrocytes PRKN-mediated mitophagy↑ PRKN overexpression reduces mitochondrial ROS and apoptosis of 
chondrocyte through the clearance of dysfunctional mitochondria

[18]

PHF23↓ C28/I2 chondrocytes PRKN-mediated mitophagy↑ PHF23 deficiency reduces in IL1B-induced ECM degradation. [91]
A2AR↓ Murine chondrocytes Mitophagy↓ Promotes mitochondrial swelling and dysfunction with increased ROS 

burden and diminished mitophagy
[96]

PINK1↓ Mice cartilage PINK1-mediated mitophagy↓ Reduces cartilage damage and pain behaviors in pink1-knockout mice with 
MIA-induced OA

[88]

Table 2. Regulatory compounds of mitophagy in IVDD and OA.

Compounds Target cell/tissue Mitophagy pathway↑ Main findings Reference

Salidroside Rat NP cells PRKN-mediated mitophagy↑ Represses ROS generation and NP cells apoptosis, and protects against 
IVDD in rats through PRKN.

[17]

Polydatin Human endplate 
chondrocytes

PRKN-mediated mitophagy↑ Inhibits oxidative stress-induced cell damage and alleviate cartilaginous 
endplate and disc degeneration in puncture-induced rat models.

[64]

Melatonin Rat NP cells PRKN-mediated mitophagy↑ Counteracts oxidative stress-caused ECM degradation and cell apoptosis [72]
Urolithin A Rat NP cells AMPK-mediated mitophagy↑ Protects against mitochondrial dysfunction and cell apoptosis, and 

alleviates IVDD in rats.
[74]

Honokiol Rat NP cells AMPK-PPARGC1A-SIRT3-BNIP3 
-mediated mitophagy↑

Improves anti-oxidation, mitochondrial dynamics, mitophagy and cell 
survivals in NP cells under oxidative and ameliorated IVDD in rats.

[76]

MitoQ Human NP cells PRKN-mediated mitophagy↑ Restores the mitochondrial dynamics balance and maintains mitophagic 
flux, which rescues mitochondrial dysfunction and NP cell apoptosis under 
the compression

[79]

Metformin Murine chondrocytes SIRT3-PINK1-PRKN 
-mediated mitophagy↑

Counteracts IL1B-provoked oxidative stress and imbalance of anabolism 
and catabolism in chondrocyte.

[90]

Spermidine Human chondrocytes PRKN-mediated mitophagy↑ Induces mitophagy, and inhibits oxidative stress-induced cell death 
through activating autophagy.

[92]

Trehalose Human chondrocytes BNIP3-mediated mitophagy↑ Attenuates oxidative stress-induced chondrocyte apoptosis and retard OA 
in mice.

[94]
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PRKN-dependent mitophagy

PRKN-dependent mitophagy is the best-studied pathway 
mediated by the PINK1 (PTEN induced putative kinase 1) 
and the E3-ubiquitin ligase PRKN [20]. This pathway controls 
ubiquitin-dependent mitophagy that affects a number of 
mitochondrial physiological processes, including mitochon
drial biogenesis, dynamics, and autophagic machinery 
[21,22]. Under normal conditions, PINK1 is translocated 
into the inner mitochondrial membranes (IMM) through the 
translocase of the outer membrane and translocase of the 
inner mitochondrial membrane complexes in a membrane 
potential-dependent manner [23,24]. Subsequently, PINK1 is 
cleaved by a mitochondrial resident rhomboid serine protease, 
the presenilin-associated rhomboid-like protein [23], and the 
N-terminal truncated PINK1 is degraded by the (mitochon
drial) proteasome, maintaining PINK1 at a low level [25]. Loss 
of MMP could disrupt PINK1 translocation into IMM and 
cause the accumulation of uncleaved PINK1 on outer mito
chondrial membranes (OMM), owing to that pyruvate dehy
drogenase kinase 2 phosphorylates presenilin-associated 
rhomboid-like protein, blocking the cleavage of PINK1 in 
response to MMP loss [26,27]. Afterward, the accumulated 
PINK1 promotes recruitment and activation of PRKN in the 
cytoplasm through directly phosphorylating the PRKN ubi
quitin-like (UBL) domain. Additionally, PINK1 also phos
phorylates ubiquitin (Ub) and poly-Ub chains that bind 
PRKN to facilitate its activation, and activated PRKN could 
further generate poly-Ub chains, thereby amplifying mito
phagy signals [28–30]. The phosphorylated Ub and poly-Ub 
chains exhibit reduced hydrolysis by deubiquitinases. 
Deubiquitinating enzymes, like USP15, USP30 and USP35, 
function on eliminating PRKN-generated Ub chains from 
the mitochondrial surface, consequently resisting mitophagy 
[31–33]. Therefore, ubiquitination and deubiquitination 
events govern PRKN-dependent mitophagy, and a balance 
between them is critical for mitochondrial and cellular home
ostasis [13].

The activated PRKN will drive the ubiquitination of multiple 
substrates, such as MFN1 (mitofusin 1), MFN2 (mitofusin 2), 
VDAC (voltage-dependent anion channel), RHOT/MIRO (ras 
homolog family member T), and BAK proteins. The ubiquitina
tion of mitochondrial fusion proteins MFN1 and MFN2 pro
motes mitochondria accessible for degradation and prevents 
fusion of damaged mitochondria [34]. In addition, Miro, located 
on the OMM, anchors mitochondria to the cytoskeleton, med
iating mitochondrial motility and PRKN recruitment. PRKN 
can ubiquitinate Miro to promote its degradation and block 
mitochondrial transport [35,36]. VDAC1 also acts as mitochon
drial docking sites to recruit PRKN from the cytosol to the 
damaged mitochondria [37]. BAK, an apoptotic protein identi
fied as a PRKN target, establishes linkage between PRKN- 
dependent mitophagy and regulation of cellular apoptosis [38]. 
The PRKN-mediated ubiquitination events trigger the recruit
ment of autophagy receptors including CALCOCO2/NDP52 
(calcium binding and coiled-coil domain 2) [39], OPTN (opti
neurin) [40], and SQSTM1/p62 (sequestosome 1) [41] to the 
mitochondrial membrane. These autophagy receptors contain 
a LC3-interacting region (LIR) that selectively recognize 

autophagic cargo (mitochondria) and mediate its engulfment 
into autophagosomes by binding to the LC3 [42]. The cytosolic 
LC3-I is activated by the E1 enzyme ATG7, and transferred to 
the E2 enzyme ATG3, and finally is modified to LC3-II, by 
conjugating to the lipid phosphatidylethanolamine. Then, the 
ATG12–ATG5-ATG16L1 complex acts as an E3 enzyme for the 
conjugation reaction of LC3-II [43].

PRKN-independent mitophagy

PRKN-independent mitophagy pathways primarily depend on 
receptor proteins that directly interact with LC3 and 
GABARAP through their LIR motifs, conducing to the elim
ination of mitochondria. For instance, the LIR-containing 
proteins, BNIP3 (BCL2 interacting protein 3) and BNIP3L/ 
NIX (BCL2/adenovirus E1B interacting protein 3-like) are 
capable of directly binding LC3-GABARAP and induce mito
phagy without undergoing ubiquitination process. Both 
BNIP3 and BNIP3L/NIX are hypoxia-inducible genes and 
transcriptionally regulated by HIF1A (hypoxia inducible fac
tor 1 subunit alpha) [44,45]. HIF1A could upregulate the 
expression of BNIP3 and BNIP3L to promote mitophagy 
under the hypoxia conditions [44]. Additionally, BNIP3 and 
BNIP3L are also under the transcriptional regulation of NFKB 
or FOXO3/FOXO3A, connecting the mitophagy with elemen
tary signaling pathways [46,47]. It has been reported that 
BNIP3 and BNIP3L could interact with SPATA18/mitochon
dria-eating protein, to initial the removal of oxidized species 
[48] and with CDH6 (cadherin 6) to modulate mitophagy and 
DNM1L/DRP1 (dynamin 1-like)-mediated fission [49], main
taining homeostasis of mitochondrial. BNIP3L also plays 
a vital role in programmed mitophagy in cell differentiation 
and maturation [50]. BNIP3L expression is significantly 
increased, causing decreased MMP and the induction of mito
phagy during erythrocyte differentiation and Bnip3l-deficient 
cells with accumulated mitochondria, results in the increase of 
apoptosis and developmental defects [51,52]. There exists an 
interaction between OPA1 (OPA1 mitochondrial dynamin 
like GTPase) and BNIP3 promoting mitochondrial fragmen
tation while phosphorylation of BNIP3 in its C-terminal 
domain will block this interaction, subsequently inducing 
mitophagy and reducing cell death [53].

Another mitophagy receptor, FUNDC1, is also an LIR- 
motif containing protein that regulates mitophagy, especially 
in hypoxic conditions. Under normoxic conditions, FUNDC1 
LIR-motif is phosphorylated (at tyrosine 18 and serine 13) by 
the SRC and CSNK2/casein kinase 2 to suppress its activity. 
Under the circumstances of hypoxia or loss of MMP, 
FUNDC1 phosphorylation (of serine 17) by ULK1 and depho
sphorylation (of tyrosine 18 and serine 13) mediated by the 
mitochondrial phosphatase PGAM5 (PGAM family mem
ber 5). FUNDC1 could promote its interaction with LC3 to 
enhance mitophagy [54,55]. In addition, mitochondrial 
dynamics also participate in FUNDC1-mediated mitophagy. 
FUNDC1 interacts with both key factors of mitochondrial 
fission and fusion, DNM1L and OPA1, and dephosphoryla
tion of FUNDC1 stimulates the separation of the FUNDC1- 
OPA1 complex, in turn, increases the association of FUNDC1 
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with DNM1L, promoting mitochondrial fission and fostering 
mitophagy [53]. Similarly, the association of endoplasmic 
reticulum protein calnexin and FUNDC1 is reduced for lib
erating FUNDC1 to interact DNM1L, triggering mitochon
drial fission in response to hypoxia [56].

AMBRA1 (autophagy and beclin 1 regulator 1) is also 
a mitophagy receptor that can directly bind to LC3 through 
an LIR motif. Of note, the emerging findings show that 
AMBRA1 is involved in both PRKN-dependent and PRKN- 
independent mitophagy [57]. Apart from the above receptors, 
some lipids also function on the interaction with LC3 to 
provoke mitophagy, such as ceramide and cardiolipin. 
Cardiolipin, a phospholipid normally located at the IMM, is 
able to externalize the outer membrane and acts as 
a mitophagy receptor, contributing to the removal of impaired 
mitochondria in neuronal cells [58]. For ceramide, it has been 
found as a possible receptor for anchoring LC3B-II autolyso
some to mitochondrial membranes, thereby inducing lethal 
mitophagy [59] (Figure 1).

The roles of mitophagy in IVDD

Recently, a large-scale genome-wide association study has 
identified that a variant in the PRKN/PARK2 gene is signifi
cantly associated with IVDD and differential methylation at 
one CpG island of the PRKN/PARK2 promoter is observed in 
a small subset of subjects [60]. Shortly afterward, Zhang and 
his colleagues found that PRKN is markedly upregulated in 
degenerative NP tissues and in NP cells under the stimulation 
of TNF (tumor necrosis factor), a commonly elevated cyto
kine in degenerated disc tissues [17]. Besides, the expression 
of PRKN is dependent on the degree of disc degeneration, 
suggesting an association between PRKN and IVDD progres
sion. They further found that knockdown of Prkn promotes 
TNF-stimulated mitochondria-induced ROS generation and 
aggravated apoptosis of NP cells. Whereas, salidroside, con
sidered as an activator of PRKN and autophagy, is able to 
enhance PRKN expression and the translocation of cytosolic 
PRKN to the surface of defective mitochondria, repressing 
ROS generation and NP cells apoptosis. In addition, 

Figure 1. The overview of mitophagy pathway. PRKN-dependent mitophagy. The phosphorylated PINK1 accumulates on the OMM when mitochondria are 
depolarized under various cellular stress and subsequently recruits PRKN to mitochondria. The E3 ligase PRKN polyubiquitinates multiple OMM proteins, which 
will be recognized by LC3 receptors including CALCOCO2, OPTN, and SQSTM1 on the phagophore. PRKN-independent mitophagy. The PRKN-mediated ubiquitylation 
of MFN also promotes mitochondria accessible for degradation and prevents fusion of damaged mitochondria. Alternatively, FUNDC1, BNIP3 and BNIP3L could 
directly bind the LC3 molecules decorating the autophagosome. Dephosphorylation of FUNDC1 enhances mitochondrial fission by the disassembly of OPA1, and 
increasing the interaction with DNM1L on the mitochondrial surface. Impaired mitochondria are engulfed by phagophores to form mitophagosomes, followed by the 
fusion with lysosomes to form mitolysosomes that degrades damaged mitochondria.
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salidroside is also beneficial for IVDD in rats through the role 
of PRKN [17]. Their data indicate the role of PRKN in the 
eliminating of damaged mitochondria and NP cells survival.

Reactive oxygen species (ROS), caused by external stimulus 
including pro-inflammatory cytokines, nutrition deprivation, 
and mechanical loading, is another crucial intermediator of 
the occurrence and progression of IVDD [61]. It has been 
reported that oxidative stress induces excessive mitophagy 
and further cause cell death in human and rat NP cells 
[62,63]. In another study conducted by Wang et al., oxidative 
stress induces mitochondria dysfunction and mitophagy in 
NP cells while depletion of PINK1 by short hairpin RNA 
further impairs mitophagy, and aggravates NP cells senes
cence under oxidative stress [63], suggesting that PINK1- 
mediated mitophagy is indispensable in the protection of 
oxidative stress-related mitochondrial damage and cell senes
cence. However, the role of activated PINK1 in the patholo
gical condition remains unclear. In line with that, mitophagy 
and mitochondrial dynamics in endplate chondrocytes are 
also stimulated by oxidative stress. Both PRKN and NFE2L2 
(nuclear factor, erythroid 2 like 2) deficiency accelerate mito
chondrial dysfunction and apoptosis in endplate chondrocytes 
under oxidative stress, whereas polydatin-mediated upregula
tion of PRKN and NFE2L2 could inhibit oxidative stress- 
induced cell damage and alleviate cartilaginous endplate and 
disc degeneration in puncture-induced rat models [64]. 
MFN2, as mentioned above, is an OMM protein that moti
vates mitochondrial fusion and maintains the homeostasis of 
mitochondrial dynamics [65]. The results of Chen and his 
collogues showed that MFN2 is indispensable for autophagic 
flux and mitochondrial function while overexpression of Mfn2 
can promote PINK1-PRKN-mediated mitophagy in rat NP 
cells in a ROS-dependent and attenuate cell damage and the 
development of IVDD in rats [66]. The finding of this study 
indicates loss of MFN2 is closely involved in IVDD pathogen
esis owing to its impairment on mitophagy and mitochondrial 
function.

Circular RNA (circRNA), a large endogenous class of non- 
coding RNA with a closed-loop structure, could act as miRNA 
sponges and provide binding sites for miRNAs to regulate the 
expression of the target gene [67]. Increasing evidence 
demonstrates that some circRNAs could serve as miRNA 
inhibitors involved in the development of IVDD, among 
which circERCC2 is observed to be downregulated in IVDD 
and contributes to the disease [68]. Mir182-5p, identified as 
a direct target of circErcc2, downregulates SIRT1 (sirtuin 1) 
expression, thereby promoting apoptosis and repressing mito
phagy. Therefore, overexpression of circErcc2 could signifi
cantly attenuate apoptosis, ECM degradation and enhance 
mitophagy via targeting Mir182-5p-SIRT1 in response to oxi
dative stress [68]. This study provides a crucial regulatory 
mechanism of mitophagy referring circErcc2, Mir182-5p and 
SIRT1, which helps develop potential therapeutic approaches 
for IVDD.

Melatonin, an endogenous molecule, has been widely 
applied in health care [69] and current studies have high
lighted its correlation with mitophagy in several tissues 
[70,71]. Chen et al. have found that melatonin could induce 
the activation of mitophagy in a PRKN-dependent manner in 

NP cells, which counteracts oxidative stress-caused ECM 
degradation and cell apoptosis while suppression of mito
phagy by an inhibitor (CsA) abrogates these effects. 
Moreover, melatonin also ameliorates IVDD in vivo. These 
findings suggest that mitophagy activation is necessary for 
Melatonin to protect NP cells against oxidative stress-caused 
cell apoptosis and ECM degeneration [72]. Like melatonin, 
a metabolite of ellagitannins and ellagic acid [73], urolithin A, 
also protects against mitochondrial dysfunction and cell apop
tosis by promoting mitophagy. Interestingly, the AMPK sig
naling pathway mediates the initiation of mitophagy under 
urolithin A treatment and protective roles of urolithin 
A in vivo and in vitro [74]. In another study, Honokiol, 
a small molecule natural compound agonist of SIRT3 (sir
tuin 3) [75], was reported not only to upregulate the expres
sion of two mitophagic markers, BNIP3 and BNIP3L, but also 
increase lipidation of the marker of autophagic vacuoles, LC3. 
Moreover, more colocalization of LC3 and BNIP3L and more 
autophagic vesicles containing mitochondria are observed in 
Honokiol-treated NP cells compared with untreated NP cells. 
Whereas, SIRT3 knockdown abolishes these mitophagy out
comes caused by Honokiol, suggesting that Honokiol is con
ducive to initial mitophagy via SIRT3 [76]. Although Wang 
et al. demonstrated the beneficial effects of Honokiol in the 
improvement of anti-oxidation, mitochondrial dynamics, 
mitophagy and cell survivals in NP cells and in IVDD rats, 
a direct association between Honokiol-mediated mitophagy 
and these protective effects is unknown.

Excessive mechanical stress is considered as a critical con
tributor to the development of IVDD. In the study of Huang 
et al., compression significantly promotes PINK1- PRKN- 
mediated mitophagy, senescence, and mitochondrial impair
ment of NP cells in a time-dependent manner. Also, enhanced 
expression of PINK1-PRKN was found in rat-degenerated 
discs and in human-herniated NP tissues. Their data show 
a positive relationship between mitophagy in IVDD tissues 
and IDD [77]. Impaired mitochondria are engulfed by autop
hagosomes to form mitophagosomes, followed by the fusion 
with lysosomes to form mitolysosomes that degrades damaged 
mitochondria. During this process, mitophagic flux outcome 
is prone to be interrupted by abnormal lysosomal function or 
disturbed mitophagosome-lysosome fusion [78]. Kang et al. 
have reported that 1.0 MPa compression could initiate mito
phagy, but blocks mitophagic flux mainly attributed by 
impairments in mitophagosome-lysosome fusion and lysoso
mal degradation in human NP cells. Fortunately, they found 
that mitochondria-targeted antioxidant, MitoQ promotes 
PINK1-PRKN-mediated mitophagy, restores the mitochon
drial dynamics balance and further maintains mitophagic 
flux, which rescues mitochondrial dysfunction and NP cell 
apoptosis under the compression [79].

During aging and degeneration of intervertebral discs, the 
nutrition supply including glucose, oxygen, and serum, sig
nificantly reduced and even disappeared, driving NP micro
environment more acidic and anoxic, which has been 
considered as a factor involved in the disc degeneration 
[80]. To mimic this pathological condition, Liu and his col
leagues cultured the NP cells in a nutrition deprivation con
dition and observed that BNIP3 is upregulated and 

2086 K. SUN ET AL.



translocated to mitochondria with decreased MMP and 
increased cell apoptosis during oxygen-glucose-serum depri
vation, implying a possible correlation between BNIP3 and 
cell apoptosis. Afterward, the results from Liu et al. and He 
et al. demonstrated that nutrient deprivation-induced cell 
apoptosis in NP cells and cartilage endplate stem cells indeed 
rely on the activation of the BNIP3 pathway [81,82]. These 
results are accordance with other reports that BNIP3 is a pro- 
apoptotic protein, mediating apoptotic process of multiple 
type of cells [83]. Interestingly, it has been found that BNIP3- 
mediated mitophagy also contributes to mitochondrial apop
tosis as increased mitophagy overtly consumes mitochondrial 
mass causing the mitochondrial metabolism disorder [84]. 
Nevertheless, there is no direct evidence to show the relation
ship of BNIP3-mediated mitophagy and apoptosis in degen
erative NP cells. FOXO3 is a critical key regulator of cellular 
quality control and regulates mitophagy [85]. In NP cells, 
FOXO3 inhibits mitochondrial dysfunction, apoptosis and 
ECM degradation under nutrient deficiency through activat
ing autophagy, especially for PINK1-mediated autophagy 
[86], suggesting that FOXO3-mediated mitophagy might be 
a promising therapeutic target to retard disc degeneration. Of 
note, BNIP3 and BNIP3L are also under the transcriptional 
regulation of FOXO3. How FOXO3-BNIP3- BNIP3L pathway 
controls mitophagy and affects cellular processes in NP cells 
or chondrocytes deserves to be considered.

Although mitophagy is activated under multiple patholo
gical stimulus and with the development of IVDD, there exists 
some controversy about the role of mitophagy in IVDD 
pathogenesis. In Huang et al. study, inhibition of PINK1- 
PRKN-mediated mitophagy by CsA and PINK1 knockdown 
strongly rescues the compression-induced senescence of 
NPCs. They explained that continuous excessive compression 
stimulates aberrant PINK1-PRKN-mediated mitophagy, caus
ing excessive removal of mitochondria which might accelerate 
the senescence of NP cells. In addition, Xu et al. suppressed 
mitophagy with the mitophagy inhibitor CsA and observed 
that NP cells are protected against oxidative stress-induced 
apoptosis. They further found that the upregulation of mito
chondrial NDUFA4L2 facilitates the survival of NP cells by 
repressing excessive mitophagy, ultimately alleviating IVDD 
[62]. Their another study displayed that apart from NP cells, 
there is a similar association between mitophagy and oxidative 
stress in AF cells. Importantly, PPARGC1A/PGC-1A (peroxi
some proliferator activated receptor, gamma, coactivator 1 
alpha) could act as a target of SIRT2 (sirtuin 2) to protect 
AF cells against apoptosis under oxidative stress by restrain
ing mitophagy [87], which provides a bridge between 
PPARGC1A and mitophagy in AF cells and probably in 
various cell types with mitochondrial quality control. All 
these findings show a differential role of mitophagy in 
IVDD. According to the existing evidence, it could be specu
lated that a proper level of mitophagy serves to facilitate cell 
survival owing to selective elimination of damaged mitochon
dria to counteract mitochondrial dysfunction, oxidative stress, 
and apoptosis in response to multiple moderate stimuli, while 
excessive mitophagy promotes undue clearance of mitochon
dria, causing the mitochondrial metabolism disorder and 
eventually cell death. Besides, the differential role of 

mitophagy might depend on the types of cells and stimulus 
that affect different mechanisms. In fact, the autophagy 
including mitophagy is not fully understood, and it might 
function in a stage-dependent pattern during the development 
of IVDD. However, given the essential role of mitophagy in 
IVDD pathogenesis, the detailed regulatory mechanism and 
agents of mitophagy need further investigation.

The roles of mitophagy in OA

Like the roles of mitophagy in IVDD, accumulating evidence 
also demonstrates the critical roles of mitophagy in the pro
gression of OA. It has been found that autophagy and mito
phagy-related proteins including LC3B, SQSTM1, and PINK1 
are highly expressed in cartilage from OA patients and mono
sodium iodoacetate (MIA)-induced rodent model of OA [88], 
which shows a strong link between mitophagy and OA. IL1B 
(interleukin 1 beta), a key mediator implicated in OA, is 
commonly used to mimic in vitro pathological conditions 
[89]. In Haqqi et al. study, IL1B-stimulated OA chondrocytes 
show overproduction of ROS, MMP collapse, accumulation of 
damaged mitochondria and elevated cell apoptosis with acti
vated PRKN-mediated mitophagy. Furthermore, depletion of 
PRKN in chondrocytes impairs mitophagy and give rise to 
increased mitochondrial dysfunction and oxidative stress 
under the IL1B stimulation while PRKN overexpression 
reduces mitochondrial ROS and apoptosis of chondrocyte 
through the clearance of dysfunctional mitochondria [18]. 
Additionally, metformin also serves as an activator of the 
SIRT3-PINK1-PRKN signaling pathway to counteract IL1B- 
provoked oxidative stress and imbalance of anabolism and 
catabolism in chondrocytes [90]. These lines of evidence con
firm the essential role of PRKN for mitophagy and mainte
nance of chondrocyte homeostasis under pathological 
conditions, and suggests that metformin could regulate mito
phagy process, which provides a promising choice for degen
erative diseases treatment. However, this promising agent 
needs to be further confirmed using in vivo models. 
Recently, some autophagy regulators have been reported to 
affect mitophagy. For example, PHF23 (PHD finger protein 
23), newly identified as an autophagy inhibitor, its deficiency 
in IL1B-induced chondrocytes shows the promotion of auto
phagy and mitophagy as well as mitigation in ECM degrada
tion, demonstrating the therapeutic potential of PHF23 
inhibition in OA and a correlation between PHF23 and mito
phagy [91]. Another autophagy regulator, spermidine, has 
been reported to exert anti-oxidative and anti-inflammatory 
effects in oxidative stress-disturbed chondrocytes through 
activating autophagy [92]. This study also revealed the prop
erty of spermidine in inducing mitophagy [92]. 
Unfortunately, the exact role of mitophagy induced by 
PHF23 and spermidine in the protection of OA chondrocytes 
remains unclear. Trehalose is a natural disaccharide and also 
a novel autophagy activator in multiple cells [93]. This dis
accharide could restore oxidative stress-induced interrupted 
autophagic flux and mitophagy, thereby attenuating chondro
cyte apoptosis in vitro by activating BNIP3 and PGAM5 while 
BNIP3 knockdown partially reverses the anti-apoptotic effects 
of trehalose but does not alter autophagy. Trehalose also 
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retards OA in a destabilized medial meniscus mouse model 
probably via promoting autophagic flux [94]. These data 
indicate that these effects of trehalose might be an association 
with the activity of BNIP3-mediated mitophagy.

Adenosine, a metabolite of ATP could regulate chondro
cyte function by binding to its ADORA2A/A2AR (adenosine 
A2a receptor) [95]. Mice lacking A2AR will develop sponta
neous OA [95,96]. Furthermore, there is mitochondrial dys
function with increased ROS burden and diminished 
mitophagy in A2AR−/- chondrocytes. Importantly, Castro 
et al. found that A2AR agonism improves mitochondrial 
dynamics and function in IL1B-stimulated human chondro
cytes and in the obesity-induced OA mouse model, and their 
preliminary data showed A2AR ligation also modulates mito
phagy and autophagy [96], suggesting A2AR ligation is mito
protective in OA. Nevertheless, the investigation about the 
direct relationship between mitophagy and A2AR-mediated 
protection in OA is expected.

In contrast, the data from Shin et al. revealed that PINK1- 
mediated mitophagy results in mitochondrial fragmentation 
and cell death in human chondrocytes and rats following MIA 
treatment, while there are reduced cartilage damage and pain 
behaviors in pink1-knockout mice with MIA-induced OA 
compared with the control [88]. This data, along with the 

above results exhibits two-side effects of mitophagy on cell 
survival and function that is possibly attributed to the mito
phagy level under the pathological conditions (Table 1).

Conclusion and future prospects

Both OA and IVDD are degenerative diseases that strongly 
correlate with age and the breakdown of cartilaginous tissue. 
There is a similar pathological process between IVDD and OA 
in term of mitochondria dysfunction, senescence, cell apop
tosis and ECM degradation [1,97] (Figure 2). Particularly, the 
maintenance of mitochondria homeostasis governs fate and 
characteristics of functional cells including NP cells, chondro
cytes and other cells with rich mitochondria. Therefore, selec
tive autophagy toward impaired mitochondria, mitophagy, is 
tightly associated with IVDD and OA and could be a critical 
regulatory mechanism to develop therapeutic approaches for 
these degenerative diseases. Based on the current evidence, we 
summarized mechanisms and regulators of mitophagy 
involved in IVDD and OA, among which PINK1, PRKN, 
BNIP3, and MFN2 exert their roles in mitophagy and patho
logical conditions of IVDD or OA. PINK1-PRKN is the most- 
studied mitophagy pathway and play a prominent role in the 
activation of mitophagy in NP cells and chondrocytes. As for 

Figure 2. The similar pathological processes between IVDD and OA, and the role of mitophagy in the pathogenesis of IVDD and OA. There exist similar pathological 
processes between IVDD and OA in term of mitochondria dysfunction, oxidative stress, senescence, cell apoptosis, and ECM degradation of cartilage-resident cells 
including NP cells and chondrocytes. During the development of IVDD and OA, mitophagy is activated to clear dysfunctional mitochondria and involved in these 
pathological processes.
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other pathways of mitophagy, such as FUNDC1, BNIP3L or 
lipid-mediated mitophagy, these mechanisms have not been 
reported in IVDD and OA. However, these topics are essential 
for a comprehensive understanding of mitophagy in degen
erative joint diseases and deserve to be investigated. 
Additionally, some molecules, such as AMPK, SIRT1, SIRT2, 
SIRT3, FOXO3, NDUFA4L2, A2AR, PHF23, and 
PPARGC1A, serving as potential upstream regulators of mito
phagy, also develop and expand the mechanism of mitophagy 
and may represent new therapeutic alternatives in IVDD and 
OA (Figure 3). To better develop pharmaceuticals by targeting 
these proteins, more functional experiments under various 
pathological conditions and in vivo experiments should 
be considered. Fortunately, a number of compounds, such 
as polydatin, Melatonin, urolithin A and Honokiol have 
been found to contribute to the regulation of mitophagy, 
directly or indirectly benefiting the attenuation of IVDD or 
OA (Table 2). Of note, urolithin A, a natural compound with 
a great mitophagy-inducing ability, has been demonstrated to 
extend lifespan and attenuate aging [98]. It could significantly 
protect against age-related IVDD and sarcopenia [74,98]. 
Besides, melatonin and metformin, widely used as medicines 

in clinical practice, are more likely to be applied in the treat
ment of IVDD or OA. These findings highlight the health 
benefits of mitophagy enhancers in preservation of degenera
tive changes with aging. However, the clinical trials of feasi
bility and efficacy of these medicines are warranted. 
Moreover, MSCs is considered as a potential approach for 
cartilage repair and regeneration [99]. However, aging can 
seriously compromise MSCs’ characteristics and ability, parti
cularly in chondrogenic differentiation [100]. The data from 
Mazzotti et al. exhibited a reduced efficiency in the chondro
genic differentiation of aged equine synovial fluid MSCs 
(SfMSCs) compared to young SfMSCs. Interestingly, mito
phagy was distinctly observed only in aged SfMSCs, implying 
activation of mitophagy in aged MSCs [100]. Oxidative stress 
is closely involved in the fate of MSCs and the pathogenesis of 
age-related diseases. It has been demonstrated that oxidative 
stress rapidly improved mitophagy via MAPK8/JNK (mito
gen-activated protein kinase 8) signaling at an early stage 
while limited mitophagy and facilitated apoptosis at a late 
stage in bone marrow mesenchymal stem cells (BMSCs) 
[101]. In agreement with previous studies, inhibition of mito
phagy by CsA obviously aggravated oxidative stress-caused 

Figure 3. The regulatory molecules of mitophagy in the resident cell of intervertebral disc and articular cartilage. The molecules described in this review including 
MFN2, AMPK, SIRT1, SIRT2, SIRT3, FOXO3, NDUFA4L2, A2AR, PHF23, PPARGC1A, circErcc2, and Mir182-5p act as potential upstream regulators of PINK1-PRKN- 
mediated mitophagy and may represent new therapeutic targets in IVDD and OA. Other mechanisms of mitophagy, such as BNIP3, FUNDC1, BNIP3L or lipid-mediated 
mitophagy, have not been well studied in IVDD and OA. These topics are essential for a comprehensive understanding of mitophagy in degenerative joint diseases 
and deserve to be investigated.
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cell apoptosis [101]. These findings inspire us that targeting 
the mitophagy pathway in MSCs may improve their capacity 
of survival and chondrogenic differentiation for cell-based 
therapies in OA and IVDD.

Mitophagy is a common and essential mechanism in phy
siological and pathological conditions. The regulation and 
roles of mitophagy exert many similarities in OA, IVDD 
and other age-related diseases. Thus, those vital regulators 
and compounds targeting mitophagy are available and pro
mising in the research and clinical practice of degenerative 
joint diseases and a series of age-related diseases, such as 
Parkinson disease (PD) and Alzheimer disease (AD). As 
expected, some compounds mentioned in our review, includ
ing urolithin A and spermidine, exert significate protection 
against degenerative changes in models of AD through the 
induction of mitophagy [102,103]. Also, it is not surprise to 
find that the mitophagy-inducing drugs reported in AD or PD 
including actinonin [102] and resveratrol [104] could have 
a similar effect and a therapeutic potential in IVDD and OA 
as well as other age-related diseases. However, how to regulate 
mitophagy in a proper level is also warranted to be addressed 
in these fields. For those inherited diseases linked to mito
phagy defect, the mutations or deletions of mitophagy-related 
genes are prone to cause complex multisystem pathologies 
and neurodegeneration particularly [105]. For example, early 
onset recessive familial PD could be caused by mutations in 
the genes PINK1, PRKN OR PARK7 [106]. The deficiency of 
each of them results in increased sensitivity toward oxidative 
stress along with mitochondrial and energetic dysfunction 
[106]. Intriguingly, overexpression of Pink1 and Prkn rescues 
Park7 deficiency-induced phenotype, suggesting partial 
redundancies in the mitophagic apparatus [107]. An alterna
tive pathway of mitophagy might be a target to compensate 
the function of mitophagy. In addition, it could be speculated 
that the pathologies with mitophagy defects may result from 
the mild oxidative stress by mitochondrial ROS or oxidized 
protein aggregates [108]. Therefore, therapies that targeting 
alterative approach of mitophagy or targeting mitochondrial 
ROS might bring new hope for treatments of these diseases. 
Moreover, the association between mitophagy defects and 
joint degenerative diseases remains unclear and deserves to 
be explored.

Taken together, mitophagy is closely involved in IVDD 
and OA. Thus, targeting mitophagy is a promising therapeutic 
approach. Despite these, there is a critical need to understand 
how mitophagy develops during the progression of these 
diseases, and to ascertain the time-window of pharmacologi
cal intervention. The development of studies in this area will 
bring a bright future to the treatment of OA, IVDD, and other 
age-related diseases.
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