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Mitochondria are cytosolic organelles essential for cellular function and survival. The function of mitochondria is maintained by
mitochondrial quality control systems including mitochondrial fission and fusion to adapt the altered environment and
mitophagy for removal of damaged mitochondria. Mitochondrial dysfunction is closely involved in aging-related diseases.
Intervertebral disc (IVD) degeneration, an aging-associated process, is the major contributor to low back pain. Growing
evidence has suggested that the mitochondrial function in IVD cells is severely compromised during the degenerative process of
IVD, and dysfunctional mitochondria along with impaired mitochondrial dynamics and mitophagy cause a series of cascade
reactions that have been implicated in increased oxidative stress, senescence, matrix catabolism, and apoptosis of IVD cells,
thereby contributing to the degeneration of IVD. Accordingly, therapies that target mitochondrial dysfunction and related
mechanisms, such as ROS generation, mitophagy, and specific molecules and signaling, hold great promise. The present review
summarizes the current state of the role of mitochondrial dysfunction in the pathophysiology of IVD degeneration and potential
therapeutic strategies that could be developed.

1. Introduction

The intervertebral disc (IVD) is a fibrocartilaginous tissue
interspacing and connecting adjacent vertebrae, which serves
to absorb and transmit mechanical loading from the spine
and permits movement of the spine [1]. The IVD consists
of three components. The central gelatinous nucleus pulpo-
sus (NP) primarily contains NP cells, type II collagen, and
proteoglycan. The outer annulus fibrosus (AF) is mainly
composed of AF cells and type I collagen fibers. The cartilag-
inous endplate (CEP) is a hyaline cartilaginous tissue that
joins IVD with the adjacent bony vertebrae [2]. NP cells act
a critical role in producing extracellular matrix (ECM) com-
ponents including type II collagen and proteoglycan, main-
taining the integrity and homeostasis of IVD [3].

Low back pain (LBP) is globally prevalent and more than
80% of people will suffer from LBP during their lifetime [4,
5]. It is also the main cause of disability, causing heavy socio-
economic cost each year worldwide [4, 6]. Degeneration of
the IVD characterized by advanced signs of aging and pro-

gressive structural destruction is widely recognized as a
major contributor to LBP [7]. Although factors including
obesity, genetic, trauma, and lifestyle (e.g., sedentary work
and the lack of sports activities) are associated with the devel-
opment of IVD degeneration [8, 9], the exact cellular and
molecular mechanisms underlying IVD degeneration are
complex and multifactorial. From past decades, extensive
evidence has suggested that oxidative stress, apoptosis, and
metabolic dysregulation of disc-resident cells, especially in
NP cells, are closely involved in the pathogenesis of IVD
degeneration [10]. Therefore, some intracellular regulatory
approaches that control these cellular processes are
extremely important and receive considerable attention.

Mitochondria are the double membrane, cytoplasmic
organelles with their own genome, the mitochondrial DNA
(mtDNA). Mitochondria play a crucial role in energy pro-
duction, mainly through the mechanism of oxidative phos-
phorylation [2]. In addition, these organelles contribute to
key biochemical processes including the generation of reac-
tive oxygen species (ROS) [11] and the regulation of calcium
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homeostasis [12], which affect cell metabolism, function, and
survival. The mitochondrial quality control system, including
mitochondrial fission and fusion, and selective self-clearance
mechanism termed mitophagy, enables them to modify their
shape, size, quality, and quantity in response to the cellular
needs and various stresses, thereby maintaining mitochon-
drial and cellular homeostasis [13, 14]. Given its essential
roles in cellular processes, it is not surprising that dysfunc-
tion or impairment of mitochondria will be implicated in a
series of pathological processes, such as oxidative stress,
senescence, apoptosis, and ECM degradation, consequently
causing detrimental effects on cell function and survival. As
we know, a wide range of diseases covering metabolic disor-
ders, cancer, and inflammatory diseases, particularly in
degenerative diseases, is characterized by the involvement
of mitochondrial dysfunction [15–18].

In recent years, the role of mitochondria in IVD degener-
ation is widely studied, and these studies have yielded a more
comprehensive understanding of the pathophysiology of
IVD degeneration and provided some promising therapeutic
approaches for the treatment of IVD degeneration, which we
aim to summarize and discuss in this review.

2. Mitochondrial Function and Homeostasis

As energy factories in mammal cells, mitochondria are
responsible for producing energy. Additionally, these organ-
elles are vital regulators of redox state and calcium balance. A
quality control machinery of mitochondria, referring to
mitochondrial dynamics and mitophagy, serves for the main-
tenance of mitochondrial homeostasis to fulfill their func-
tion. These processes proceed properly under the
physiological conditions, whereas aberrant stresses or stimu-
lus will cause mitochondrial dysfunction, subsequently lead-
ing to a series of cascade reactions (Figure 1).

2.1. Energy Metabolism, Redox, and Calcium Regulation. In
mammal cells, mitochondria are the sites of the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation (OXPHOS).
These “factories” produce energy using the electrochemical
gradient generated across the inner of two membranes by
the electron transport chain (ETC) [19]. There exists a special
mitochondrial membrane system to perform productive
work of energy. Inner mitochondrial membrane (IMM) sur-
rounds the mitochondrial matrix and takes in the electrons
produced by the TCA cycle through ETC. The ETC, located
at IMM, contains a number of proteins, for example, com-
plex I-IV, that perform the transfer and incremental release
of energy from the electrons in order to pump protons (H+)
into the intermembrane space and establish the electrochem-
ical gradient. This mitochondrial membrane potential
(Δψm) drives the process of OXPHOS, providing energy by
converting ADP to ATP [20]. Although residing in a low
oxygen tension environment, IVD cells are not entirely
anaerobic and still carry out oxidative metabolism [21, 22].

Mitochondria continuously metabolize oxygen and
meantime generate ROS. During the transportation of elec-
trons, a small part of electrons will leak and reduce oxygen
to superoxide anion (O2

-), termed “primary” ROS [23]. The

O2
- could be further converted to the “secondary” ROS

including hydrogen peroxide (H2O2) and hydroxyl radical
(OH-) via enzymatic and nonenzymatic mechanisms. The
mitochondrial-dependent ROS (mtROS) generation has
been found in multiple disc-resident cells including NP cells
of humans and rats and AF cells of humans and rats [24–27].
A proper level of ROS is fundamental to organismal physiol-
ogy and adaptive responses [28], which relies on a balance
between ROS generation and ROS scavenge by nonenzy-
matic and enzymatic antioxidants. The interruption of this
balance will induce oxidative stress that is detrimental to
the mitochondrial function and cells [29].

Mitochondria also play a vital role in regulating cellular
calcium (Ca2+) homeostasis. The cytosolic Ca2+ is taken into
mitochondria by energy-driven uniporters, while the efflux of
Ca2+ from the mitochondria is mediated by ion gradient-
driven antiporters [30]. The mitochondrial permeability
transition pore (mPTP) is a high-conductance, voltage- and
Ca2+-sensitive channel, whose opening can be transient to
physiologically allow quick release of Ca2+ and/or metabolite
exchange between the mitochondrial matrix and the cytosol
[31]. However, mitochondrial Ca2+ overload, especially when
combined with oxidative stress and/or ATP depletion, will
trigger a drastic efflux of Ca2+ through the prolonged open-
ing of mPTP, consequently causing dissipation of the Δψm,
respiratory chain uncoupling, cessation of ATP synthesis,
ROS generation, and eventually mitochondrial swelling, rup-
ture, and cell death [31].

2.2. Mitochondrial Dynamics and Mitophagy. Mitochondria
are dynamic organelles, continually undergoing fission and
fusion for regulating their number, size, and distribution
[32]. Mitochondrial fission is a multistep process allowing
the division of one mitochondrion in two mitochondria that
are controlled by proteins such as dynamin-related protein 1
(DRP1), mitochondrial fission factor (Mff), and fission 1
(Fis1) [33]. Mitochondrial fusion is the combination of two
mitochondria with the outer mitochondrial membrane
(OMM) fusion mediated by mitofusins (MFN1 and MFN2)
followed by IMM fusion, determined by optic atrophy 1
(OPA1) [34]. These balanced dynamic transitions are
required not only to ensure mitochondrial function but also
to respond to meet cellular metabolic demands and adapt
the nutrient condition [13]. In addition, mitochondrial
dynamics is engaged in repairing damaged mitochondria
[35]. If these processes fail to restore mitochondria in a
healthy state, the damaged mitochondria will be eliminated
by a selective autophagy mechanism termed mitophagy.

Mitophagy is involved in the basal mitochondrial turn-
over and quality control via the clearance of long-lived or
damaged mitochondria [36]. Different stimulus and condi-
tions induce mitophagy in distinct mechanisms. Generally,
mitophagy can be divided into Parkin RBR E3 ubiquitin-
protein ligase- (Parkin-) dependent and Parkin-
independent pathways. When mitochondria are depolarized
under various cellular stress, the PINK1 accumulates on
OMM and subsequently recruits and activates Parkin [37].
The Parkin polyubiquitylates multiple OMM proteins, which
will be recognized by LC3 adaptors, such as P62 and NDP52
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on phagophore [37]. Damaged mitochondria are engulfed by
autophagosomes to form mitophagosomes, followed by the
fusion with lysosomes for hydrolytic degradation [38]. With
regard to Parkin-independent pathways, BNIP3, NIX, and
FUNDC could directly bind the LC3 molecules decorating
the autophagosome [39]. In addition, the mechanisms of
mitophagy and mitochondrial dynamics are tightly related.
For example, the Parkin-mediated ubiquitylation of MFN is
able to promote mitochondria accessible for degradation
and prevents fusion of damaged mitochondria. The dephos-
phorylation of FUNDC1 could enhance mitochondrial fis-
sion by the disassembly of OPA1 and increasing the
interaction with DRP1 on the mitochondrial surface [39].
In physiological conditions, mitochondrial homeostasis
could be achieved through these interactive processes. How-
ever, mitochondrial fusion and fission and mitophagy could
be strongly dysregulated by various pathological stresses,
such as Δψm collapse, oxidative stress, and nutrition depriva-
tion, causing or accelerating mitochondrial dysfunction [40].

3. The Roles of Mitochondrial Dysfunction in
IVD Degeneration

It has been shown an abnormal mitochondrial morphology
with dark color, small cristae, and dense inclusion bodies,
decreased mitochondrial mass, and reinforced mitochondrial
respiration in human AF cells from degenerative discs [24].
The reduced mitochondrial respiration, Δψm, and mito-
chondrial number were also found in NP and AF cells from
aged rabbits compared with that from young rabbits [41].
These findings confirm the association between mitochon-
drial dysfunction and IVD degeneration. Importantly, the
current evidence indicates that the pathophysiological char-

acteristics of IVD degeneration primarily include oxidative
stress, senescence and death of disc cell, and ECM degrada-
tion, all of which could be, at least partly, attributed to mito-
chondrial dysfunction. We will focus on the roles of
mitochondrial dysfunction in the pathogenesis of IVD
degeneration through these pathological processes (Figure 2).

3.1. Mitochondrial Dysfunction and Oxidative Stress. The
accumulated evidence has shown that oxidative stress as a
cause and/or consequence of mitochondrial dysfunction is
one of the main drivers of aging and aging-related diseases
[42]. Excessive ROS production has also been found in
degenerative discs [43]. During the development of IVD
degeneration, there exist various exogenous stimuli, such as
mechanical loading, proinflammatory cytokines, high oxy-
gen tension, and glucose stress in the microenvironment of
IVD, inducing overproduction of ROS in disc cells [44].
Interestingly, mitochondrial dysfunction plays a core role in
all of these processes. The compression, a type of mechanical
stresses, is commonly used to mimic the pathological condi-
tion of IVDdegeneration. This stress promoted excessive
mitochondrial ROS production accompanied by increased
mPTP opening and decreased Δψm in NP cells [25, 45]. In
addition to the mechanical stress, proinflammatory cyto-
kines, including interleukin- (IL-) 1β and tumor necrosis
factor-alpha (TNF-α), increased in degenerative interverte-
bral disc, are also considered as critical contributors in the
process of IVD degeneration [46, 47]. At the cellular level,
these inflammatory mediators can trigger sustained mPTP
opening, negatively alter mitochondrial membrane potential
and ATP content, and cause aberrant mitochondrial frag-
mentation and swelling in NP cells, leading to mitochondrial
dysfunction and ROS overproduction [46, 48, 49]. Previous

Figure 1: The occurrence of mitochondrial dysfunction in IVD cells. Mitochondrial dysfunction in IVD cells primarily originates from the
effects of aberrant microenvironment within the disc including mechanical compression, proinflammatory cytokines, oxidative stress,
nutrition deprivation, and high glucose. These pathological conditions induce ATP depletion, mtROS overproduction, Ca2+ imbalance,
loss of Δψm, and impairment of mitochondrial quality control, involved in multiple cellular events.
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studies have reported a higher incidence of degenerative disc
diseases in patients with diabetes mellitus (DM) than in non-
diabetic patients, and the accumulation of advanced glyca-
tion end products (AGEs) was potentially involved in DM
and other age-related diseases [50, 51]. Some researchers
work on this topic and found that high glucose could also dis-
rupt Δψm and enhance ROS generation in rat NP cells, AF
cells, and CEP cells [27, 52–54]. In addition, it was reported
that the accumulation of AGEs in NP tissues could induce
mitochondrial dysfunction and an oxidative microenviron-
ment, which was also closely correlated to IVD degeneration
[55, 56]. The above studies suggest the pathological stimulus
and stresses in the microenvironment of IVD contribute to
mitochondrion dysfunction and oxidative stress, implicated
in the pathogenesis of IVD degeneration.

Mitochondria are not only the main cellular source of
ROS; they are also susceptible to oxidative injury [57]. When
stimulated by exogenous ROS, hydrogen peroxide, mito-
chondria in disc cells lose their ATP content, transmembrane
potential, which induce the release of mtROS [58–60]. The
ROS-induced mitochondrial dysfunction is able to further
promote ROS generation, resulting in a feed-forward vicious
cycle between ROS and mitochondria that causes a series of
signaling cascades and oxidative damage [61].

3.2. Mitochondrial Dysfunction and Senescence. Cellular
senescence is a permanent state of growth arrest character-
ized by the chronic elevated secretion of proinflammatory
cytokines and matrix proteases, namely, senescence-

associated secretory phenotype (SASP) [62]. Senescent cells
have been found to be increased with age and degeneration
of human IVD [63, 64]. Interestingly, senescence of IVD cells
is one of the cascade events of mitochondrial dysfunction
[65]. As reported, the mitochondria’s role in senescent pro-
cess was closely associated with overproduction of ROS that
initials the related signaling networks to facilitate the senes-
cent phenotype [66]. Specifically, a severe ROS production
induced by H2O2 further activates the ATM-Chk2-p53-
p21-Rb pathway to enhance DNA damage and the accumu-
lation of senescence-associated β-galactosidase, driving
senescence of human NP cells [58, 67]. In addition to NP
cells, mitochondrial ROS-induced senescence was also found
in human CEP cells, mediated by the p53-p21-Rb pathway
[68]. Not only that, the impaired mitochondrial function
and ROS generation is also involved in the senescence of
IVD cells under other pathological conditions including pro-
inflammatory cytokines, mechanical compression, aging-
related proteins, and high glucose [27, 48, 69, 70]. It was
reported that the aberrant mitophagy caused by continuous
compression could accelerate the senescence of NP cells,
which we will discuss later [70]. Taking together, mitochon-
drial dysfunction is a major cause of cell senescence, and
maintenance or recovery of mitochondrial function in IVD
cells is important to mitigate cell senescence.

3.3. Mitochondrial Dysfunction and Apoptosis. The loss of
IVD cells in the form of apoptosis is a key factor of IVD
degeneration [71–73]. Mitochondrial-dependent apoptosis

Figure 2: The role of mitochondrial dysfunction in the pathogenesis of IVD degeneration. The dysfunctional mitochondria could cause a
series of cascade reactions, leading to increased oxidative stress, senescence, apoptosis, and ECM catabolism of disc cells, involved in the
pathology of IVD degeneration.
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is one of the apoptotic pathways and most studied in the pro-
gression of IVD degeneration [74]. This apoptotic pathway
requires mitochondrial outer membrane permeabilization
(MOMP) driven by effector proapoptotic members of the B
cell lymphoma 2 (BCL-2) family of proteins for the release
of cytochrome c into the cytosol and further activating cas-
pase (caspase3, 9) that leads to cell death [75]. The initiation
of the above process heavily relies on the alteration of mito-
chondrial function, including elevated ROS production, the
opening of mPTP, and mitochondrial fission, which have
been confirmed in the apoptotic process of IVD cells induced
by various pathological conditions. For example, H2O2
induced mitochondrial-dependent apoptosis through inhi-
biting the activity of complex III, decreasing the ATP levels
and Δψm in AF cells [76]. IL-1β reduced Bcl-2/Bax ratio
and enhanced cytochrome c released from the mitochondria
to the cytosol, which proved mitochondrial-mediated apo-
ptosis was induced in NP cells. The similar apoptotic process
in disc cells was also found under the conditions of nutrient
deprivation [77, 78], high glucose [52], and AGE accumula-
tion [79]. In addition, compression elicited a time-
dependent mitochondrial dysfunction, evident by Δψm loss,
mPTP opening, ATP depletion, and elevated mtROS, eventu-
ally leading to apoptosis [25] together with necroptosis in NP
cells [80]. Chen et al. found that RIPK1 mediated this process
of cell death during compression injury [80]. In short, these
important pathogenic factors share similar mitochondrial-
dependent apoptotic mechanism, further confirming the core
role of mitochondrial dysfunction in cell apoptosis and IVD
degeneration. It should be noted that some molecules have
recently been demonstrated to involve in mitochondrial-
dependent apoptosis in disc cells. Islet amyloid polypeptide
(IAPP) is a polypeptide mainly participating in the regulation
of glucose metabolism [81]; its expression was considerably
decreased with the progression of IVD degeneration, and
downregulated IAPP has a detrimental effect on AF cell sur-
vival through increasing cellular Ca2+ concentration, ROS,
and apoptosis [82]. Acid-sensing ion channel 1a, a receptor
of protons, also functions in CEP cells, allowing the influx
of Ca2+ and triggering Ca2+-mediated apoptotic signals
[83]. These molecules give a novel and wide insight into the
mitochondrial pathway of apoptosis in degenerative disc
cells.

3.4. Mitochondrial Dysfunction and ECM Metabolism. ECM
degradation is a hallmark of IVD degeneration. The degener-
ation, driven by increased proteolysis of matrix components
including aggrecan and type II collagen mediated by cata-
bolic enzymes, like matrix metalloproteinases (MMPs) and
a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS), is closely correlated to mitochondrial
dysfunction in IVD cells [84]. On the one hand, anabolism
of ECM requires ATP for providing energy [85] while mito-
chondrial dysfunction, showing ATP depletion, indeed
reduces the anabolic process in IVD cells [69, 86]. On the
other hand, the mitochondrial-mediated ROS generation
could significantly interrupt the metabolism of ECM. A
number of studies showed reduced expression of aggrecan
and type II collagen while increased expression of MMP13

in human and rat disc cells exposed to exogenous H2O2
[67, 87, 88]. Moreover, the ROS accumulation induced by
mechanical compression and proinflammatory cytokines is
associated with matrix degradation [48, 89]. The excessive
ROS not only is able to directly cause the oxidative damage
of anabolic-related DNA and proteins but also acts as signal-
ing messengers of NF-?B, nuclear factor, erythroid 2-like 2
(Nrf2)/HO-1, AKT, and mitogen-activated protein kinase
(MAPK) pathways that affect the expression of ECM meta-
bolic markers [67]. However, some pathological factors,
especially for proinflammatory cytokines, could directly reg-
ulate the above signaling pathways, contributing to the
inflammation-mediated ECM degradation in human and
rat disc cells [90–92]. Taken all the results into account,
although the molecular mechanism of ECM degradation is
complicated, mitochondria, as a hub of multiple signal trans-
duction, play a crucial role in this process. Impaired mito-
chondria are prone to drive the cascade reactions to
promote matrix degradation and structure loss in IVD.

3.5. The Roles of Mitochondrial Energy Metabolism in IVD
Degeneration. Maintenance of the ECM in the IVD is a high
energy demanding process that requires glucose and oxygen
consumption to produce ATP [22]. However, ATP content
has been found decreased in degenerative disc under some
pathological conditions [69, 76], and age-related decline in
disc cellular bioenergetics has been considered as a contribu-
tor to the matrix degradation [93]. The previous study
revealed a profound increase in glycolysis, altered mitochon-
drial morphology, and lower membrane potential but no
change in mitochondrial respiration in AF cells from older
rabbits [41]. In contrast, NP cells from older rabbits showed
a significant decrease in OXPHOS without a concomitant
increase in glycolysis, and it also exhibited a significant loss
in maximum respiratory capacity and bioenergetic reserve
[41], which may cause protein damage and cell death [94].
These limited mitochondrial capacities could hamper matrix
repair or cellular stress responses. On the other hand, exoge-
nous ATP could significantly promote ECM deposition and
corresponding gene expression (aggrecan and type II colla-
gen) in NP cells and AF cells in three-dimensional agarose
culture [85].

These findings indicate that normal metabolism of
energy is essential for ECM homeostasis, while age-related
disc cell mitochondrial and bioenergetic changes might con-
tribute to the loss of matrix homeostasis that underlay disc
degeneration. However, it is important to note that the
results of cell culture should be confirmed in vivo.

3.6. The Roles of Mitochondrial Dynamics and Mitophagy in
IVD Degeneration. The recent evidence revealed that imbal-
anced mitochondrial dynamics and mitophagy are impli-
cated in various age-related diseases including Alzheimer’s
disease, osteoarthritis, and IVD degeneration [45, 95–97].
Disturbed mitochondrial dynamics occurs in response to
abnormal stresses and directly impacts mitochondrial func-
tion in disc cells. Recent studies have demonstrated that oxi-
dative stress enhanced mitochondrial fission events and,
meantime, impaired fusion events [59]. Additionally,
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compared to control cells, Mff and Fis1 protein levels were
significantly upregulated, while MFN1, MFN2, and OPA1
protein levels were reduced in compression-treated NP cells
[45]. Furthermore, blocking mitochondrial fission by mito-
chondrial division inhibitor 1 (mdivi-1) inhibited the elevated
mitochondrial impairment, ROS generation, and apoptosis
induced by compression treatment [45]. Mitochondrial fission
also mediates programmed necrosis of NP cells. mdivi-1 and
knockdown of DRP1 prevented the compression-induced
programmed necrosis of NP cells by enhancing mitochondrial
translocation of p53 and nuclear translocation of apoptosis-
inducing factor (AIF) [98]. MitoQ is a mitochondrial-
targeted antioxidant that can rescue the oxidative damage
and imbalance between mitochondrial fission and fusion
induced by compression in human NP cells, while the benefi-
cial effects of MitoQ could be partially repressed by an agonist
of mitochondrial fission, FCCP [45]. Actually, mitochondrial
fusion is also indispensable for autophagic flux and mitochon-
drial function in NP cells. Chen et al. found that MFN2 defi-
ciency contributed to IVD degeneration due to its
impairment on mitochondrial function and mitophagy. Fur-
thermore, overexpression of MFN2 can attenuate oxidative
damage of NP cells and the development of IVD degeneration
in rats through the activation of PINK1/Parkin-mediated
mitophagy [99]. Collectively, these studies demonstrate the
importance of balanced mitochondrial dynamics in the main-
tenance of mitochondrial homeostasis and NP cell survival.
The active mitochondrial fission promotes the separation of
dysfunctional and even healthy mitochondria for their degra-
dation through mitophagy. Several studies have shown that
mitophagy is activated in degenerative disc cells [26, 83, 84].
Given that the initiation of mitophagy is commonly caused
by loss of Δψm, hypoxia condition, and overproduced ROS,
it is not surprising that pathological factors, including oxida-
tive stress, mechanical compression, and TNF-α, are prone
to induce mitophagy in disc cells [49, 70, 100]. So here comes
the question, what is the role of mitophagy in mitochondrial
dysfunction and the progression of IVD degeneration. On
the one hand, mitophagy is considered a protective mecha-
nism owing to its clearance of damaged mitochondria. Several
laboratories revealed that inhibition of PINK1-Parkin-
mediated mitophagy aggravated TNF-α or oxidative stress-
stimulated mitochondrial dysfunction and apoptosis of disc
cells, whereas the activated mitophagy induced by its activa-
tors such as melatonin and urolithin A could protect disc cells
from apoptosis and retard IVD degeneration in vivo [88, 101].
On the other hand, it was reported that suppression of
PINK1/Parkin-mediated mitophagy by a mitophagy inhibitor,
cyclosporin A (CsA), or PINK1 knockdown attenuated the
compression-induced senescence of NP cells [70]. Moreover,
CsA exerted a protective role in oxidative stress-induced apo-
ptosis of NP cells [102]. These results indicate continuous
pathological stress might induce inordinate mitophagy with
an excessive clearance of mitochondria which accelerates the
damage of NP cells. Taken together, the role of mitophagy in
cell survival and function is possibly dependent on the mito-
phagy level under the pathological conditions. The differential
roles of mitophagy in degenerative disc cells and in vivo stud-
ies need further investigation.

4. Therapeutic Strategies to Target
Mitochondrial Dysfunction

The emerging evidence implies that mitochondrial dysfunc-
tion plays a central role in the pathophysiology of IVD
degeneration. The involvement of mitochondrial dysfunction
in IVD degeneration also represents an attractive target for
its therapies. Accordingly, following strategies focusing on
the improvement of mitochondrial function, attenuation of
mitochondrial dysfunction, and the elimination of damaged
mitochondria might be beneficial for the IVD degeneration
(Figure 3).

4.1. Targeting ROS. Numerous studies have shown that a
wide range of antioxidants exerts a significant protective role
in degenerative IVD cells and animal models. N-
acetylcysteine (NAC) is a well-known ROS scavenger that
can, directly and indirectly, enter the cell and react with glu-
tamic acid and glycine to generate intracellular glutathione
[103]. It has been widely reported that NAC attenuates pre-
mature senescence, autophagy, and apoptosis in disc cells
by decreasing the level of mtROS [67, 104, 105]. Moreover,
the oral administration of NAC suppresses oxidative stress,
inflammation, and matrix catabolism in rat discs to mitigate
IVD degeneration [105]. Hydrogen sulfide (H2S), a gaseous
signaling messenger, has attracted attention for its biological
functions [106]. Several studies have shown that H2S can
readily scavenge ROS at higher rates than other classic anti-
oxidants [107], and exogenous H2S has demonstrated pro-
found antioxidant and cytoprotective capabilities in
physiologic systems exposed to ROS [108]. H2S also plays a
protective role in degenerative NP cells and in the rat model
of IVD degeneration induced by needle puncture, and the
underlying mechanism involves inhibitory effect of H2S on
mitochondrial dysfunction and endoplasmic reticulum stress
in IL-1β-induced NP cells [46]. Considering the powerful
antioxidative property of H2S, it is likely that H2S could
repress the generation of ROS to protect against IVD
degeneration.

In addition, some natural compounds with antioxidative
properties have been demonstrated to be beneficial for mito-
chondrial function of IVD cells and IVD degeneration. Kin-
senoside (3-(R)-3-β-D-glucopyranosyloxybutanolide) is a
bioactive monomer extracted from the Anoectochilus roxbur-
ghii [109]. This compound exerts its therapeutic potential
through alleviating IVD degeneration in a puncture-
induced model and protecting NP cells against mitochon-
drial dysfunction, senescence, and apoptosis under oxidative
stress in an Nrf2-dependent way [110]. In line with kinseno-
side, other natural compounds, such as epigallocatechin 3-
gallate (EGCG), resveratrol, icariin, and polydatin, also have
shown promising effects at cellular levels and/or animal
models of this disease [58, 111–113]. These agents propose
more choices for new drug development. Recently, antioxi-
dant compounds incorporating ubiquinone (MitoQ) or
TEMPO (Mito-TEMPO) specifically targeted to mitochon-
dria have been successively used against mitochondrial dys-
function [114]. MitoQ consists of coenzyme Q10 and a
TPP cation that can easily accumulate in the mitochondria,
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thereby making it more powerful in preventing mitochon-
drial oxidative damage than untargeted antioxidants [115].
Actually, MitoQ restores mitochondrial function, eradicates
oxidative insults, and promotes the survival of human NP
cells under pathological condition [45], suggesting that
MitoQ might serve as an effective therapeutic agent for
IVD degeneration. Like MitoQ, Mito-TEMPO is also a
mitochondrial-targeted antioxidant and protects NP cells
against oxidative damage [60]. MitoVitE is another
mitochondrial-targeted antioxidant. However, there is no
evidence about its effects on degenerative IVD. Given its dra-
matic properties of antioxidation and antiapoptosis in multi-
ple age-related diseases [116, 117], MitoVitE also deserves to
be further studied and developed as a potential drug in IVD
degeneration.

4.2. Targeting Mitophagy. Regulating mitophagy presents as
an effective approach due to the involvement of impaired
mitophagy in the development of IVD degeneration. Increas-
ing Parkin-mediated mitophagy by using salidroside has
been shown to eliminate impaired mitochondria and pro-
mote the survival of NP cells under TNF-α treatment. Sali-
droside also ameliorated the apoptosis of NP cells and the
progression of IVD degeneration [49]. Urolithin A and mel-
atonin have been widely studied in various diseases owing to
their dramatic role in inducing mitophagy [118, 119]. There-
fore, it is not surprising that both compounds could effec-
tively alleviate cellular oxidative damage and the
progression of puncture-induced IVD degeneration in rats
[88, 101]. These evidences indicate Parkin-mediated mito-
phagy as a potential therapeutic target for IVD degeneration.

As mentioned above, there might exist dual roles of mito-
phagy with the development of IVD degeneration. Several

groups have found that the suppression of excessive mito-
phagy displays a positive effect in preclinical experiments.
Xu et al. found that oxidative stress induced apoptotic cell
death via mitophagy while inhibiting mitophagy by CsA pro-
tected AF cells against apoptosis [102]. And they further
found that repression of mitophagy could also alleviate the
apoptosis of NP cells [120]. In addition, another study
reported that CSA and PINK1 knockdown inhibited
PINK1/Parkin-mediated mitophagy, thereby rescuing the
senescence of NP cells under the treatment of compression
[70]. These results imply that the excessive mitophagy in disc
cells is deleterious and might be a target for therapeutic inter-
vention. However, the changing roles of mitophagy during
the development of IVD degeneration are not fully clarified.
For better therapeutic applications that target mitophagy, it
is necessary to elaborate the definite role of mitophagy in
IVD at different pathophysiological stages and proper time
window of therapeutic intervention in further studies.

4.3. Targeting Molecules and Signaling. Mitochondrial
homeostasis is precisely regulated by signaling networks,
among which some molecules present therapeutic potential
as pharmacologic targets. As previously described, the level
of progerin is elevated in degenerated human NP tissues
and the accumulated progerin is involved in the pathogenesis
of IVD degeneration. Sulforaphane was demonstrated to
show a remarkable ability to modulate the progerin level
and mitochondrial homeostasis, and consequently, this com-
pound alleviated progerin-induced IVD degeneration [69].
Previous studies have exhibited that vitamin D via its recep-
tor (VDR) can effectively scavenge free radicals to protect cell
mitochondria [121]. A recent study showed that the expres-
sion level of VDR was significantly reduced in the disc of

Figure 3: The therapies that target mitochondrial dysfunction. According to the role of mitochondrial dysfunction in IVD degeneration,
multiple therapeutic agents that function on the improvement of mitochondrial function, attenuation of mitochondrial dysfunction, and
the elimination of damaged mitochondria might be beneficial for the IVD degeneration.
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aged rats and severe degenerative discs. However, activation
of VDR by 1,25(OH)2D3 successfully preserved mitochon-
drial function and ameliorated oxidative stress-induced apo-
ptosis of AF cells, providing a novel insight into the
treatment of IVD degeneration [76].

Growing shreds of evidence have demonstrated that sir-
tuins (SIRTs) are essential for every aspect of mitochondrial
biology, including energy metabolism, ROS detoxification,
mitochondrial dynamics, and mitophagy [122]. Miyazaki
et al. reported that administration of recombinant human
SIRT1 (rhSIRT1) exhibited a protective effect on nutrient
deprivation-induced mitochondrial-dependent apoptosis in
human NP cells, suggesting that rhSIRT1 may be a potent
treatment agent for IVD diseases [77]. In addition, activated
SIRT3 through adenosine monophosphate-activated protein
kinase (AMPK) and peroxisome proliferator-activated recep-
tor-γ coactivator 1α (PGC-1α) pathway enhances mitochon-
drial function, mitochondrial antioxidant capacity, and
mitochondrial dynamics, thereby attenuating AGEs or oxi-
dative stress-induced apoptosis and senescence of NP cells
and IVD degeneration in vivo [59, 79]. It is noteworthy that
these functions of SIRT3 can be promoted by honokiol and
nicotinamide mononucleotide (NMN) [59, 79], which pro-
vide available activators of SIRT3 and make SIRT3 possible
to delay IVD degeneration as a target. Nrf2 is a master tran-
scription factor that regulates cellular redox state and mito-
chondrial function [123]. In a mouse model of IVD
degeneration, the Nrf2-knockout mice showed more severe
degenerative changes in IVD than those in wild-type mice
[124], and knockdown of Nrf2 accelerated H2O2-induced
damage of mitochondria and CEP cell [60]. Furthermore,
some phytochemicals including polydatin, kinsenoside, and
icariin were proved to protect IVD cells from mitochondrial
dysfunction and apoptosis through activating Nrf2 signaling
[48, 110, 113]. These findings confirm the essential role of
Nrf2 signaling in cellular homeostasis of the disc and high-
light it as an effective therapeutic target in the management
of IVD degeneration.

5. Conclusion

Mitochondrial functions, mainly including energy metabo-
lism, redox, and calcium regulation, are altered in the degen-
erative disc. Mitochondrial dysfunction in IVD cells
primarily originates from the effects of aberrant microenvi-
ronment within the disc including mechanical compression,
proinflammatory cytokines, oxidative stress, nutrition depri-
vation, and high glucose. The dysfunctional mitochondria
along with impaired mitochondrial quality control are prone
to cause a series of cascade reactions, leading to ROS over-
production, senescence, apoptosis, and ECM catabolism of
disc cells, involved in the pathology of IVD degeneration.
Based on this, the therapies that target the mtROS, mito-
phagy, and relative molecules and signaling are promising
for IVD degeneration, which extensive evidence has been
demonstrated in preclinical experiments. However, these
therapeutic approaches were studied in a certain in vitro con-
dition or animal model of IVD degeneration that cannot
completely represent the pathophysiology of IVD degenera-

tion in humans. Moreover, some topics, such as the role of
mitophagy in the degenerative disc, are still controversial.
For the earlier and better clinical intervention by targeting
mitochondrial dysfunction, it will be necessary to verify these
therapeutic approaches in more animal models and clinical
studies.
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