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Intervertebral disc degeneration is a very common type of degenerative disease causing severe socioeconomic impact, as well as a
major cause of discogenic low back pain and herniated discs, placing a heavy burden on patients and the clinicians who treat them.
IDD is known to be associating with a complex process involving in extracellular matrix and cellular damage, and in recent years,
there is increasing evidence that oxidative stress is an important activation mechanism of IDD and that reactive oxygen and
reactive nitrogen species regulate matrix metabolism, proinflammatory phenotype, autophagy and senescence in intervertebral
disc cells, apoptosis, autophagy, and senescence. Despite the tremendous efforts of researchers within the field of IDD
pathogenesis, the proven strategies to prevent and treat this disease are still very limited. Up to now, several antioxidants have
been proved to be effective for alleviating IDD. In this article, we discussed that oxidative stress accelerates disc degeneration
by influencing aging, inflammation, autophagy, and DNA methylation, and summarize some antioxidant therapeutic measures
for IDD, indicating that antioxidant therapy for disc degeneration holds excellent promise.

1. Introduction

Intervertebral disc degeneration (IDD) was a common dis-
abling condition that can impact the musculoskeletal system
of the body [1]. In recent decades, lumbar disc degenera-
tion, as a typical lesion of disc herniation, has been recog-
nised as a main cause of disability worldwide, and 80% of
adults are impacted at some point during their life [2].
The processes of degeneration included structural damage
to the intervertebral disc and changes in cell number and
various compositions. It is characterised by disc height
reduction, annulus fibrosus (AF) tears, deprivation of pro-
teoglycans (PGs), loss of water in the nucleus pulposus
(NP), and calcification of cartilage endplate [3]. In addition,
IDD was related to low back pain (LBP) [4]. According to
statistics, the direct costs related to LBP were more than
$90 billion every year in the United States alone [5]. The
total socioeconomic impacts of LBP pose a significant chal-

lenge to society when considering the indirect costs of dis-
ability, including the patients’ decreased productivity [6].

A comprehensive literature search was conducted in
MEDILINE/PubMed, Embase, Chinese National Knowl-
edge Infrastructure, Web of Science, Library and Informa-
tion Science Abstracts, Scopus, and the National Library
of Medicine catalog up until September 24, 2021. Reference
lists were scrutinized, and we categorized them to complete
this review.

Multiple factors contributed to IDD, consisting of
degenerated NP and AF, DNA methylation, cellular senes-
cence and oxidative stress, extracellular matrix (ECM),
matrix metalloproteinases (MMPs), advanced glycation end
products (AGEs), and reactive oxygen species (ROS) [7].
Among them, oxidative stress acts as a key role in the path-
ogenetic process of IDD, which has attracted more and more
attention in recent years. In this review, we focus on the role
of oxidative stress in the pathogenesis of disc degeneration as
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well as the various methods used to treat IDD by reducing
oxidative stress.

2. Intervertebral Disc Degeneration

2.1. Normal Intervertebral Disc. The IVD is a complex tissue,
which consists of the NP, the AF, and the endochondral
plate (EP), which is shown in Figure 1. NP is the colloidal
central part of the IVD. It is made of water (70-90% of total
weight), proteoglycans, and type II collagen. Type II collagen
fibrils are disordered and diluted in the whole base network
[8]. Nucleus pulposus cells were present in a colloidal matrix
consisting of type II collagen and proteoglycans, which are
essential to resisting axial compression forces and pressure
on the spine [9]. The NP is surrounded by another IVD part,
named fibrous ring, which can be further classified into its
two subsections: outer AF (OAF) and inner AF (IAF) [10,
11]. The IAF is also called the “transition region” between
NP and OAF because it has the features of both of NP and
OAF regions [10]. The AF is a distinct structure consisting
of 15-25 concentric circles (posterior vs. lateral) named
lamella. Every lamella includes parallel collagen fibers (type
I and II) arranged at an oblique angle with respect to the axis
of compression [12, 13]. AF cells were present in a collagen-
rich matrix and resist lateral expansion of the IVD while
holding a weight-bearing position. EP cells are chondrocytes
distributed in a hyaline cartilage matrix, which incorporates
the intervertebral disc with the covering vertebrae [9]. The
mechanical function of the intervertebral disc was deter-
mined by the extracellular matrix, which is mainly com-
posed of two major macromolecules: collagen and
aggrecan. Collagen offers tensile strength to the disc and
connects the tissue to the bone. Aggrecan was in charge of
the maintenance of tissue hydration through osmotic pres-
sure regulation, which is the main proteoglycan of the
disc [14].

Healthy intervertebral disc has an avascular and nonar-
terial structure that cannot transport nutrients through
blood vessels, and its nutrients primarily diffuse through
the end plate [15]. Its microenvironment was featured by
hypoxia (1-2% oxygen), low nutrients, and an acidic pH
caused by the accumulation of lactic acid accumulation
[16]. When the cells die or become dysfunctional, in an
acidic environment, IVD denaturation happens. During the
degeneration process, the IVD becomes dehydrated and vas-
cularised with nerve implantation [17]. Although it is not
very common, the physiological alterations of the IVD were
considered to precipitate or be related to various clinical
symptoms or conditions, such as low back and/or lower
extremity pain, numbness, spinal stenosis, and disc hernia-
tion [18]. The point is that despite being normally avascular,
changes in tissue integration caused increased vascular and
nerve growth in the disc, which could turn into a source of
peripheral neuropathy, leading to pain, weakness, and
numbness because of nerve damage [15].

2.2. Pathological Manifestations of the Intervertebral Disc.
NP is the colloidal, greatly hydrated central area of the
IVD that is encompassed by AF. EPs are located at the inter-

section of the IVD and vertebra, linking the two together
[19, 20]. Due to the weak connection between the vertebral
body and the IVD, the EP trabecular microinjury, by which
abnormal pressure is transmitted by the neighboring NP
and AF tissues directly, results in bulging or the herniation
of the IVD [21, 22]. The NP area is mainly composed of
notochordal cells, but with senility, chondrocyte-like cells
gradually displace the original notochordal cells [20].
Chondrocyte-like cells have less capacity of keeping water
than the resident notochordal cells; therefore, this age-
associated change eventually leads to a decreased state of
IVD hydration, and an inflexible functional spinal unit
(FSU) [23, 24]. Moreover, fluid pressure and flow within
the IVD change due to dehydration [25]. Cells inhabiting
each region of the IVD evoke biochemical alterations (reduc-
tion of proteoglycans, glycosaminoglycans, aggrecan, and
type II collagen as well as a promotion of type I collagen)
through various molecules like cytokines, enzymes, and
growth factors. When anabolic to catabolic transition of gene
expression occurs in these cells, resulting in increased secre-
tion of matrix-degrading enzymes, structural and mechanical
changes begin [8]. At the molecular level, tumour necrosis
factor alpha (TNF-α) and interleukin 1 (IL-1) are involved
in the modulation of catabolic processes in degenerated
intervertebral disc cells [26]. A few families of proteases par-
ticipate in the breakdown of the ECM disc, including matrix
metalloproteinases (MMPs), agglutinins, and cathepsins
[27]. Among them, MMP-3 and MMP-13 were considered
the critical factors in the ECM degradation in IVD [28, 29].
Being a crucial nutrient pathway for the IVD, calcified EP
decreases the interchange of nutrients and metabolites in
the IVD, while the reduction of nutrient and increased
metabolite also exert key effects in suppressing the generation
of ECM [30, 31]. In addition, the early period of IDD involves
disrupting the balance between anabolic and catabolic activ-
ities (e.g., reducing collagen and glycosaminoglycans) and
aberrant accumulation of proinflammatory factors, such as
nitric oxide (NO), leukotrienes, and lactic acid [32, 33]. These
pathophysiological change not only speed up disc degenera-
tion but also serve as a trigger for pain. In the following, we
will elucidate some of the mechanisms by which oxidative
stress in turn causes changes in these cells or molecules,
which then cause disc degeneration.

3. Oxidative Stress and IDD

3.1. Oxidative Stress. Oxidative stress is caused by the loss
of balance between the generation of free radicals and reac-
tive metabolites, which are called oxidants or ROS, and
their removal by protective mechanisms known as antioxi-
dants. The loss of balance resulted in damage to key bio-
molecules and cells, with underlying influence for the
integral organism [34].

ROS are a series of erratic and evidently reactive
molecules, which have free radicals or not, consisting of super-
oxide anions (O2

-), hydroxyl radicals (OH-), hydrogen perox-
ide (H2O2), and hypochlorite ions (OCl-) [35]. Moreover,
reactive nitrogen species (RNS), for example NO, are consid-
ered members of the ROS family because of their analogous
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effects to ROS, which are generated by the oxygen-using met-
abolic courses of cells [35]. That is to say, the generation of
ROS is an unavoidable cost of aerobic metabolism [3]. RNS
was able to further produce other reactive species by triggering
excessive lipid peroxidation, for example, reactive aldehyde-
malondialdehyde and 4-hydroxynonenal [36].

Highly reactive oxidative molecules always had deleteri-
ous influence on living cells. These molecules can be both free
radicals and nonradicals (for instance, H2O2), but they have
similar capacity to readily acquire electrons from molecules
with which they interact, producing a series of reactions
and eventually causing structural damage to the cell. Within
these categories, the molecules produced by the ROS and
RNS had the primary biological effect, as they are generated
in vivo at the highest concentrations. Therefore, the nitroox-
idative stress could also be classified as oxidative stress [37].

Oxidative stress occurred when the balance between gen-
eration and removal of free radicals or reactive metabolites is
interrupted (e.g., antioxidant mechanisms in vivo are impor-
tant to treat various diseases and maintain health.

As antioxidant enzymes, superoxide dismutase, catalase,
and glutathione peroxidase (GSH-Px or GPx) are generally
in charge of scavenging H2O2 and peroxides. They were dis-
tributed in various cellular parts and synergistically interact
with other molecules, including catalase, thioredoxin (Trx),
and glutathione, and low-molecular-weight antioxidants
(e.g. GSH, tocopherol, and ascorbate) to adequately remove

ROS [38–40]. And exogenous antioxidants formulate the
crucial ROS detoxifying system, including reduced glutathi-
one, carotenoids, and vitamins C and E [41, 42].

3.2. Oxidative Stress and IDD. Oxidative stress is involved in
a variety of diseases, such as IDD, Alzheimer’s, atherosclero-
sis, cancer, diabetes, and Parkinson’s. We will focus on the
correlation between oxidative stress and IDD.

Local oxidative stress is common in the intervertebral disc
environment. In plasma from IDD patients or rats, superoxide
dismutase activity significantly decreased and levels of various
oxidative stress biomarkers sharply increased, consisting of
phospholipase A, fructosamine, malondialdehyde, peroxida-
tion potential, total hydrogen peroxide, advanced oxidation
protein products, and NO [43, 44]. Furthermore, in degenera-
tive discs, the balance between ROS generation and ROS elim-
ination is impaired. Thus, oxidative stress is triggered in the
degenerative disc microenvironment. Oxidative stress pro-
moted the reduction in the amount of normal cells in the
IVDmicroenvironment. In addition, the ROS can alter matrix
proteins and trigger oxidative damage for the extracellular
matrix of IVD, thus damaging the mechanical properties of
IVDs. Moreover, the ROS could induce oxidative injury to
DNA, lipids, and proteins. At the same time, metabolic waste
of oxidative stress gradually increases in degenerated discs [3].

In summary, both systemic and oxidative stress were
aggravated in the course of IDD, indicating that oxidative
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Figure 1: (a) Shows a normal disc with a horizontal view above and a sagittal view below. (b) Shows a disc pathology with a horizontal view
of a herniated disc and bulging disc above and a sagittal view of disc degeneration below.
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stress plays a key role in the development progress of IDD
[3], and a series of pathophysiological mechanisms were
involved in this progress, including matrix metabolism,
inflammation, apoptosis, DNA methylation, autophagy, and
the senescence of disc cells, which is shown in Figure 2.

3.2.1. Oxidative Stress and Disc Cell Senescence in IDD. The
intervertebral discs experience age-related degenerative var-
iations much earlier than other tissues [45]. An excess of
mechanical load, diabetes, and chronic smoking, as well as
acute disc damage, could aggravate the stresses induced by
senescence. The senescence of disc cells not only aggravates
the loss of disc cell viability and function due to numerous
exhaustion but also releases matrix proteases, cytokines,
and chemokines to impact the local microenvironment of
IVD. And the avascularity of the IVD not only affected the
immune clearance of the aged disc cells, thus inducing
inflammatory reactions and catabolic metabolism, but also
affected the disc microenvironment, accelerating IDD [46].
Actually, in addition to alterations in gene expression and
metabolic control, the rate of aging was related to high levels
of ROS and/or RNS generation [47].

As a member of the ROS family, the role of H2O2 in the
intervertebral disc has been extensively studied. H2O2 rap-
idly promoted ROS production and DNA damage in NP
cells of human [48]. H2O2 could activate various signalling
pathways, such as p38 MAPKs, ERKs, and JNKs pathways,
and trigger the nuclear translocation of NF-κΒ and Nrf2
[49]. Meanwhile, H2O2 could also trigger premature senes-
cence of cartilage endplate cells via the p53-p21-Rb pathway
[50]. Moreover, p53 was also deemed to be a sign of cellular
aging [51]. The activation of the ATM-Chk2-p53-p21-Rb
and p16-Rb signalling pathways triggered the premature
senescence of NP cells in human [49, 52]. H2O2 could also
cause senescent cells to present a catabolic phenotype,

primarily characterised by an increase of extracellular
matrix-degrading enzymes (MMP-1, MMP-2, MMP-9, and
ADAMTS-5), by a decrease of their suppressant (TIMPs)
and by several proteoglycans, such as aggrecan, which is a
major component of the myeloid nucleus [49].

In addition, hyperglycaemia-induced excessive produc-
tion of ROS also accelerated the aging of rat annulus fibro-
sus and notochordal cells via the p16-Rb pathway [53]. It is
important to note that p16 has a significant role in the
pathogenesis of IDD, and its loss attenuates IDD by facili-
tating the cell cycle and suppressing salicylazosulfapyridine,
cellular aging, and oxidative stress [46]. Moreover, a num-
ber of studies have also confirmed that sirtuins were impli-
cated in the onset and development of IDD. In particular,
SIRT1, SIRT2, SIRT3, and SIRT6 have been shown to medi-
ate the aging of IVD cells by being involved in the processes
of inflammation, oxidative stress, and mitochondrial dam-
age [54].

3.2.2. Oxidative Stress and Advanced Glycation End Products
(AGEs) in IDD. In the presence of oxidative stress, the
increase of ROS led to the trigger of lipid peroxidation and
glycosylation reactions, which result in the increased endog-
enous generation of reactive aldehydes and their by-prod-
ucts, including glyoxal, methylglyoxal, malondialdehyde,
and 4-hydroxy-2-nonenal, leading to advanced lipid oxida-
tion end products and advanced glycosylation end products
(ALE and AGE, respectively) [55]. Interestingly, the increase
of AGEs is the most compelling evidence of age-related oxi-
dative damage to the disc, which accelerates the process of
IVD degeneration via promoting apoptosis and hindering
the metabolism of the extracellular matrix [56]. The most
distinctive AGEs in cartilage and intervertebral discs were
pentosidine and carboxymethyl lysine [57]. The former is
distributed in collagen, which also crosslinks collagen
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Figure 2: Oxidative stress affects disc degeneration through cellular senescence, inflammation, autophagy, and DNA methylation
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molecules and may have a significant role in aggravated
collagen stiffness and the dysfunction of cartilage biome-
chanics with age [58]. The latter is also present in collagen
and has been found to accumulate in the proteins of interver-
tebral discs, with age as a marker of oxidative stress-related
changes [49]. Immunomorphometric analysis showed higher
levels of carboxymethyl lysine (CML; a biomarker of oxida-
tive proteins) in the aged discs of elderly patients in compar-
ison with the normal discs of younger patients, proving the
existence of oxidative stress in IVDs [47].

AGEs were involved in the process of cartilage degener-
ation, resulting in age-dependent degenerative changes and
covalent crosslinking of ECM adhesion proteins (e.g.,
collagen and laminin) [59, 60]. Moreover, AGEs accumu-
lated in NP cells and subsequently triggered inflammatory
responses in NP tissues and a degenerative phenotype via
NLRP3 inflammasome, which was associated with AGE
(RAGE)/NF-κB pathway as well as for mitochondrial injury
caused by mitochondrial reactive oxygen species production,
calcium mobilisation, and mitochondrial permeability tran-
sition pore promotion [61]. In these pathways, both RAGE
and mitochondrial dysfunction initiate NLRP3 and pro-IL-
1β activation as stimulating signals of NF-κB activity, indi-
cating that AGEs enhance oxidative stress and IL-1β release
results in the senescence of IVD [61].

Furthermore, Sirtuin3 (SIRT3) dysfunction and mito-
chondrial antioxidant networks were critical mechanisms
of AGE-caused oxidative stress and apoptosis of NP cell in
human. The activity of human NP cells was markedly inhib-
ited by AGE intervention, primarily due to apoptosis. More-
over, activation of the mitochondrial apoptotic pathway was
observed following AGE intervention. Furthermore, AGEs
significantly exacerbated the production of mitochondrial
ROS and prolonged promotion of the mitochondrial perme-
ability transition pore, along with an increase in Bax protein
levels and a reduction in Bcl-2 protein levels in mitochon-
dria. These impacts could be alleviated by the antioxidants
(2-[2, 2, 6, 6-tetramethylpiperidin-1-oxo-4-ylamino]-2-
oxoethyl) triphenylphosphonium chloride and Visomi-
tin [62].

3.2.3. Oxidative Stress and Inflammation in IDD. Inflamma-
tion is a complicated immune response that is able to main-
tain tissue homeostasis during infection. A cascade of signals
in response to pathogens, damaged cells, or stimuli led to the
activation of immune cells. Due to the excessive production
of proinflammatory cytokines and tissue damage, persistent
and intense inflammation may result in severe disease [63].

Disc degeneration was regulated by aberrant generation
of proinflammatory molecules released by NP and fibrocar-
tilage annulus (fibrocartilage tissue containing NP) cells via
macrophages, T cells, and neutrophils [64–66]. Thus, disc
degeneration and inflammation were closely crosslinked.
How does oxidative stress trigger an inflammatory response
in the disc degeneration process? Normally, inflammatory
tissues were connected with activated levels of reactive spe-
cies (ROS and RNS) which were produced by immune cells
and are crucial for protecting against foreign pathogens [67].
They are greatly active and easily react with biomolecules,

such as lipids, proteins, and various metabolites. By promot-
ing oxidation, the nitrosation and nitrification of a series of
biomolecules dominated cellular signalling [68, 69]. These
signalling cascades, known as “redox signalling,” strictly
modulate the inflammatory response. Therefore, clarifying
the intricate effect of ROS/RNS-caused redox signalling in
inflammation would help to develop new treatment methods
associated with inflammation-related disorders [67].

In addition, ROS/RNS could be reduced by various antiox-
idants, resulting in the alleviation of inflammation. It is clear
that sustained excessive generation of ROS/RNS, caused by
dysfunction of the cellular prooxidant-antioxidant system,
will impair critical biomolecules and cells, resulting in exces-
sive inflammatory reactions [70–72]. For instance, glutathi-
one peroxidase-1 was an essential antioxidant enzyme, and
its deficiency could initiate proinflammatory redox signalling
[73, 74].

The ROS can play a role of signalling messenger in var-
ious signalling pathways, such as NF-κB, mitogen-activated
protein kinase (MAPK), and lipid signalling pathways (e.g.,
phospholipase, protein kinase C, and phosphatidylinositol-
3 kinase (PI3K)/Akt) [41]. These pathways could mediate
different cellular processes, including cell survival, prolifera-
tion, and inflammation. Among them, NF-κB and MAPK
signalling pathways play a key role in the course of
inflammation.

NF-κB was an indispensable molecule to modulate tran-
scription of genes encoding proinflammatory cytokines,
adhesion molecules, and chemokines as well as growth fac-
tors and inducible enzymes, which was a possible treatment
target for inflammatory disease therapy [75]. H2O2 and per-
oxynitrite could modulate NF-κB, which is involved in the
metabolism and apoptotic rate of NP cells [33, 76].

Similar to p38 and JNK, extracellular regulated kinase 1/
2 (ERK1/2) was a main type of MAPK kinase. ERK1/2 was
essential for maintaining the normal physiological function
of inflammatory cells. ROSs were able to deactivate the
phosphatase in charge of dephosphorylating ERK1/2, lead-
ing to sustained activation of ERK1/2. The ROS-triggered
activation of JNK and p38 was relied on the oxidation of thi-
oredoxin (TRX) through multimerization of apoptosis
signal-regulating kinase [77, 78].

In addition, RNS exerted significant proinflammatory
effects on disc degeneration via inducing tissue damage, lipid
peroxidation, and oxidative injury. Overload of NO induced
S-nitrosylation and inhibition of NF-κB and aggravates apo-
ptotic rate of inflammatory cells, thus suppressing inflam-
mation [79, 80].

Meanwhile, the ROS played an essential role in activat-
ing NLRP3 inflammasome, which was able to perceive
pathogens and injuries, thus triggering the generation of
inflammatory factors [81]. NLRP3 inflammasome also
exerted harmful effects on metabolism and aggravates apo-
ptosis in NP cells and leads to IVD degeneration [82]. Fur-
thermore, mitochondrial dysfunction and mitochondrial
ROS production promoted the activation of the NLRP3
inflammasome through various mechanisms. The NF-κB
signalling pathway participated in TNF-α-regulated NLRP3
inflammasome activation [83].
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Meanwhile, ATP-triggered ROS accumulation could
trigger the activation of Akt and ERK1/2 via glutathionylat-
ing PTEN, which is necessary for activating NLRP3 inflam-
masome and generating IL-1β and IL-18 in macrophages
[84]. In addition, the TRX-interacting protein was a crucial
regulator in the ROS-caused activation of the NLRP3
inflammasome [85].

In fact, under certain circumstances, both ROS produc-
tion and stimulation of antioxidants were necessary for
activating inflammasome. IL-1β production, which was trig-
gered by PAMP in monocytes of human, is modulated by
biphasic oxidative events, including rapid oxidative stress
and prolonged antioxidant responses because the NOX sup-
pressor or TRX reductase could inhibit IL-1β release [86].
The abovementioned main process is briefly summarized
in Figure 3.

3.2.4. Oxidative Stress and Autophagy in IDD. Autophagy is
a process of catabolism that recycles cellular components
and waste organelles caused by various stress conditions,
including nutrient insufficiency, viral infection, and geno-
toxic stress [37].

There are three major types of autophagy, all of which
ultimately lead to lysosome-regulated degradation. The first
is macroautophagy (hereafter called autophagy), which

causes the creation of a double-membrane vesicle (auto-
phagosome) to clear spoiled organelles and biomolecules.
The second is microscopic autophagy, through which the
cytosolic material is devoured by lysosomes directly, and
the third is chaperonin-mediated autophagy. Autophagy
was a very susceptible process, which is triggered by almost
all the stressful factors that impact cellular homeostasis
[87]. The accumulated evidence showed that oxidative stress
is the point of confluence of these stimuli. The reactive ROS
and RNS were the primary intracellular signal transducers to
sustain autophagy [37]. In the rat model, nondegenerated rat
NP and AF cells showed low levels of autophagy, whereas
the autophagic activity was significantly higher in degenera-
tive rat NP and AF cells [88, 89]. This suggests that autoph-
agy is an important influencing factor in disc degeneration.

Autophagy and oxidative stress were correlated to each
other in a more closely and coordinated way than via simple
on/off signals. Several studies have shown that ROS can acti-
vate the MAPK pathway; for example, increasing ROS in
plants activates the MAPK pathway [90], and excessive
ROS production in Daphnia pulex induces activation of
the downstream MAPK pathway [91], and similarly, ROS
has been reported to activate the MAPK pathway in chicken
cardiomyocytes [92]. A study on rats showed that the ROS
could activate the MAPK pathway to trigger autophagy in
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Figure 3: (1) NF-κB signalling pathway. First, ROS/RNS regulates NF-κB activity, including activating the NF-κB signalling pathway and
promoting inflammatory gene transcription. In addition, ROS/RNS plays an indispensable role in the activation of NLRP3
inflammasome and its oxidation of TRX causes TRX-interacting protein to bind to NLRP3, eventually producing IL-β. (2) MAPK
signalling pathway. ROS/RNS triggers oxidation of TRX-interacting protein, leading to apoptosis signal-regulating kinase dissociation
and activation of JNK and p38 pathways through multimerization of the apoptosis signal-regulating kinase, and activates the ERK1/2
pathway. Ultimately, ERK1/2, JNK, and p38 promote gene transcription, ultimately inducing IL-β production.
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NP cells of rat and to modulate the generation of TNF-α,
matrix metalloproteinase-3 (MMP-3), cyclooxygenase-2,
and aggrecan expression in AF cells of rat [93, 94]. More-
over, antioxidant treatment could suppress autophagy, indi-
cating the key role of redox imbalance in advancing this
process. The induction of autophagy by mitochondria after
ROS generation provided a fast (on/off) response regulated
by redox-sensitive proteins, in which the adenosine mono-
phosphate activated protein kinase (AMPK) might be an
important candidate.

AMPK could be activated during H2O2 exposure, specif-
ically via the S-glutathionylation of reactive cysteines situ-
ated in the α-subunit and the β-subunit [95, 96]. Upon the
deprivation of nutrients, cells actively squeezed out GSH
via the drug efflux pump and the multidrug-resistant protein
1, thus enabling oxidation-sensitive proteins to be oxida-
tively modified [97]. Meanwhile, Cys81 (SH→Sox) of
autophagy-related gene 4 was oxidised, which resulted in
suppressing its “delipidation” activity on LC3 and leads to
the increase of proautophagic LC3-II isoforms [98].

The overproduction of ROS enhanced the NP cell
autophagy in rat via the AMPK/mTOR pathway [99]. In
addition, H2O2 enhanced NP cell autophagy in rat via the
ERK/mTOR pathway [93]. Mechanical stress-induced ROS
hyperproduction was engaged in stress-caused autophagy
in NP cells of rat. High glucose stress enhanced ROS gener-
ation and causes the upregulation of autophagy-related gene
expression in notochord cells of rat [100].

Moreover, extensive alterations in the thiol redox status
were implemented by the generation of decreased GSH to
the extracellular environment by MRP1. In a redox-
independent pattern, p62 could cause phosphorylation on
Ser351 upon binding to the ubiquitinated protein aggregates,
thus sequestering Keap1 and causing its separation from
Nrf2. Thus, Nrf2 was no longer degraded via the ubiquitin-
3 proteasome system; instead, it was transferred to the
nucleus, where it combined to the antioxidant response ele-
ments situated in the promoter regions of antioxidant genes
and initiates their transcription [101]. Notably, p62 included
a zinc finger motif, which was rich with a variety of cysteine
sequences that were indispensable for metal binding and
that could be modulated by redox. Similar to other kinds
of ZZ-containing proteins, p62 might undergo oxidative
and structural changes that could change its effect in autoph-
agy [102].

Furthermore, circular RNAs were a type of endogenous
noncoding RNAs with a closed-loop structure that can
serve as miRNA sponges, offering located areas for miRNAs
to modulate the level of target genes [103]. There was grow-
ing evidence that some circular RNAs could act as miRNA
suppressants and be related to the progression of IDD
[104]. One type of circular RNAs, circERCC2, has been
found to be suppressed in IDD and led to the progression
of this disease. Meanwhile, Mir182-5p, recognised as a
straightforward target of circErcc2, suppressed the expres-
sion level of SIRT1 (sirtuin1), thereby inhibiting mitosis.
Thus, circErcc2 overexpression could markedly promote
mitophagy by targeting Mir182-5p-SIRT1 to respond to
oxidative stress [105].

In summary, there is a close relationship between oxida-
tive stress and autophagy in the progression of disc
degeneration.

3.2.5. Oxidative Stress and DNA Methylation in IDD. A large
number of mechanisms to modulate gene expression and
cell fate have been gradually recognised, which were called
epigenetics [106]. One of the most widely studied epigenetic
regulation was DNA methylation [107], which induced
gene silencing by suppressing the entry of transcriptional
activators into the target binding site or by reactivating
the structural domain of methyl-binding proteins [108].
DNA methylation could also evoke alterations in gene
expression without altering the DNA sequence by creating
5-methylcytosine through the addition of methyl to cyto-
sine in CpG-containing nucleotides [109]. DNA methyla-
tion usually serves to silence genes when methylation was
stabilised in the promoter and enhancer regions of genes,
while methylation, which was located in the gene body
region, usually triggers an enhancement of gene expres-
sion [110].

DNA methylation was a crucial mechanism to facilitate
certain gene expression for normal development, and abnor-
mal epigenetic changes were recognised to play an important
role in various diseases, including cancer and neurodegener-
ative disorders [111, 112]. In a recent comparative study on
genome-wide DNA methylation profiles, remarkable dis-
tinctions of DNA methylation profiles between early and late
phases of IVD degeneration in human were observed, sug-
gesting a role for DNA methylation in the progression of
IDD in human [113].

DNA methylation could be modulated differently in
genes related to signalling pathways, including the NF-κB,
MAPK-ERK, and Wnt signalling pathways, which were
situated upstream to the transcription of these catabolic
molecule genes [113]. NF-κB activation, which played a
crucial part in inflammation via triggering the transcription
of proinflammatory genes, has been proven to aggravate disc
degeneration via promoting the release of matrix-degrading
enzymes, including MMPs and ADAMTSs [45]. Three
hypermethylated genes (CARD14, EFHD2, and RTKN2)
have been identified in the late phase of disc degeneration,
which was related to the modulation of the NF-κB pathway.
In addition, hypermethylated genes linked to the MAPK
pathway, for instance, MAPKAPK5 and PRKCZ, have been
recognised to have the capacity to modulate a variety of cat-
abolic molecules [114–118].

ROS-dependent modifications were directly or indirectly
associated with DNA methylation and demethylation. The
8-OHdG adduct disrupted DNA restriction nucleases and
DNA methyltransferases, thereby changing the binding of
transcription factors to DNA and leading to general DNA
hypomethylation [119]. In addition, in vitro and in vivo
studies have also shown that the ROS could trigger general
genomic hypomethylation and DNA promoter hypomethy-
lation through DNA methyltransferase upregulation and
DNA methyltransferase complex production [120, 121].

In addition, the key proteins of the Wnt pathway were
involved in the inflammatory reactions in the process of disc
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degeneration [17]. The Wnt signalling pathway regulated
extracellular matrix metabolism via modulating proinflam-
matory stimulation. For instance, WNT5A, as a key member
of the Wnt family, could be differentially methylated in the
late stage of IVD degeneration [113].

In summary, there is a close relationship between oxida-
tive stress and DNA methylation in the progression of disc
degeneration.

4. Therapy

A deep understanding of the mechanisms through which
disc degeneration occurs is essential for designing therapeu-
tic strategies for therapy and the restoration of disc-related
function. Because different therapeutic strategies may have
different effects at different stages in the degenerative cas-
cade, the selection of proper intervention is determined by
the degree of disc degeneration. The IVD degenerative
course is complex and multifactorial; therefore, solutions to
improve this process are equally complex and may involve
various solutions that rely on the disease phenotype and
how it progresses [122].

Current treatments for disc degeneration include conser-
vative and molecular therapies in the early stages and surgi-
cal procedures as the final treatment at the end of the disc
degeneration process. Conservative therapy is divided into
physical strengthening and physiotherapy, oral medications,
and injections, while molecular therapy includes cellular
therapy, growth factor therapy, and gene therapy.

Here, we summarize the antioxidants and other thera-
pies that can alleviate disc degeneration by affecting oxida-
tive stress.

4.1. Antioxidants. A series of antioxidants can exert thera-
peutic effects on degenerative disc cells and intervertebral
disc degeneration, as is shown in Table 1.

4.1.1. Polyphenols. Polyphenols belonged to natural com-
pounds, which were found in vegetables, tea, wine, and
chocolate; they have been widely studied for their antioxi-
dant and anti-inflammatory characteristics [150, 151].

Resveratrol (RSV) is a polyphenolic compound found in
various types of plants. The role of RSV in NP cells of
human, rat, and bovine has been evaluated in previous stud-
ies. RSV inhibited NP cell death and enhanced the prolifer-
ation level of NP cell by stimulating silent information
regulator 1 (SIRT1) and PI3K/Akt/caspase-3 pathways. In
recent years, it has been reported that the combined applica-
tion of 17β-estradiol and resveratrol alleviates apoptosis
caused by IL-1β in NP cells of rat through PI3K/Akt/cas-
pase-3 pathway [123, 124]. Among them, SIRT1 was a lon-
gevity gene, which can stimulate antioxidant expression
and inhibits NF-κB pathway activation in cells. SIRT1 acti-
vation has been demonstrated to diminish H2O2-caused
senescence in human corneal epithelial cells in vitro [50].
Meanwhile, mitochondria were crucial targets of RSV, which
regulates mitochondrial ROS generation and mitochondrial
biogenesis through interacting with SIRT1 and energy

metabolism through the transcriptional or enzymatic activa-
tion of SIRT3 [17, 152–154].

Moreover, RSV also inhibited the activation of a variety
of transcription factors in NP cells. Consequently, PG
synthesis in NP cells was promoted, and the release of
matrix proteases and cytokines is suppressed in NP cells
[125–128]. It is also worth noting that RSV could increase
the production of aggrecan and SIRT1 and decrease the gen-
eration of MMP-3 and p16 to alleviate IDD [127].

Polyphenol epigallocatechin 3-gallate was considered a
polyphenol redox cleaner, which could inhibit aging and
apoptosis of NP cells following oxidative stress and suppress
the generation of cytokines and MMPs by modulating the
MAPK pathway and NF-κB pathway in NP cell of human
[52, 129].

Ferulic acid (FA, 4-hydroxy-3-methoxycinnamic acid)
was a common type of phenolic antioxidant present in
Chinese herbal medicine; it has anti-inflammatory, antia-
poptotic, anticancer, and antiaging functions [155, 156].
FA could inhibit ROS accumulation in NP cells of rabbit,
thereby delaying apoptosis. Moreover, FA could also induce
the upregulation of aggrecan and type II collagen and the
downregulation of MMP-3 production in NP cells of rabbit
under oxidative stress conditions [130, 131].

Cordyceps sinensis is a common type of herbal medicine
to treat chronic lung and kidney diseases in China. Cordyce-
pin (3′-deoxyadenosine), as a type of the bioactive compo-
nents, was extracted from Cordyceps sinensis. Lately, the
anti-inflammation, antiaging, antioxidant, and anticancer
functions of cordycepin have been reported [132, 133]. Cor-
dycepin could also inhibit lipopolysaccharide- (LPS-)
induced ROS generation and NF-κB pathway activation to
protect rat NP cells. Moreover, cordycepin could protect
rat IVDs against LPS-caused degeneration at the level of ex
vitro [134].

4.1.2. ROS Scavengers. As an aromatic tricyclic o-quinone,
pyrroloquinoline quinone (PQQ) had various health bene-
fits, including growth-promoting capacity, antidiabetic
activity, antioxidative effects, and neuroprotective abilities
[157]. The antioxidant function of PQQ was executed
through its role as an important cofactor for mitochondrial
dehydrogenases and as a ROS sweeper [135, 136]. With
respect to cells in the intervertebral disc, PQQ-inhibited
H2O2 triggered the excessive production of ROS and then
in protected NP cells of rat from H2O2-triggerred apoptosis
in vitro. It also inhibited the H2O2-induced reduction of type
II collagen and aggrecan in rat NP cells [137].

Fullerenes, as a specific type of carbon isotope, have been
extensively researched for their unique material properties
and potential technological applications, both in biology
and medicine. Because of their continuous activity, distinc-
tive nanostructure, and powerful cell membrane penetration
ability, fullerenes were potent ROS scavengers [139, 140].

Fullerol, as a polyhydroxy derivant of fullerene, had a
powerful scavenging capacity against ROS in comparison
to superoxide dismutase and mannitol which was discovered
in vitro to decrease ROS generation in NP cells of human
and also impaired the promotion of matrix proteases and
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the reduction of type II collagen caused by H2O2 in NP cells
of human. Furthermore, the intradiscal injection of fullerol
exerted a protective effect on punctured rabbit intervertebral
discs against degeneration by enhancing matrix synthesis
and inhibiting ectopic ossification [141].

4.1.3. Nonenzymatic Antioxidants. GSH was the one of the
most abundant low-molecular-weight thiol compounds gen-
erated in cells. GSH played a key role in protecting cells
against oxidative damage and the toxic effects of xenobiotic
electrophiles as well as in maintaining redox homeostasis
[143]. It could inhibit H2O2-induced apoptosis and matrix
catabolic phenotypes and reduce IL-1β-caused ROS produc-
tion in NP cells of human [142]. As a GSH precursor, N-
acetylcysteine could reduce the level of ROS, thereby inhibit-
ing the activation of the MAPK and AMPK/mTOR path-
ways in IVD cells of human and rat in vitro. The oral
taking N-acetylcysteine suppressed oxidative stress, matrix
catabolism, and inflammation in rat discs, which could alle-
viate IDD caused by needle piercing [49, 94].

4.1.4. Oestrogen. Oestrogen is a type of steroid hormone that
is primarily generated in the ovaries. Moreover, small

amounts of oestrogen were also generated in the adrenal
glands, male testes, and adipose tissue [144]. Women had
three types of oestrogen: estrone, estradiol, and estriol. 17
beta estradiol was the main and effective form of oestrogen
in the blood circulation of women [158].

Oestrogen has been demonstrated to exert significant
modulatory effects on various human systems. This type of
steroid hormones was initially released by the ovaries, which
also has a regulatory role in the metabolism of the skeletal
system [145–147]. In addition, oestrogen regulates IVD
metabolism and strengthens the function of antioxidants;
serum oestrogen levels were also inversely related to redox
homeostasis [159].

The level of oestrogen had a significant impact on IVDs,
and oestrogen deficiency can significantly exacerbate IDD,
which is evidenced by the fact that the disc lesions and cal-
cifications are becoming more serious [160]. Moreover, oes-
trogen deficiency could also result in more loss of IVD
height and ECM as well as abnormalities in MMPs (MMP-
3 and MMP-13) [148]. Meanwhile, oestrogen supplementa-
tion repaired pathological lesions and endplate calcification,
promotes ECM expression, and then recovers IVD hydro-
philicity and inhibited MMP-3 and MMP-13 expression. In

Table 1: Therapeutic effects of antioxidants on degenerative disc cells and intervertebral disc degeneration.

Antioxidant Therapeutic effects

Polyphenols

Resveratrol (RSV)

Inhibition of NP cell death and senescence [123, 124]
Promoted NP cell proliferation [120, 123]

Downregulates matrix protease and cytokine expression [125–128]
Enhanced the synthesis of PG in NP cells ([125], [128], [126], [127])

Polyphenol epigallocatechin
3-gallate

Inhibited NP cell senescence and apoptosis [52, 129]
Inhibited the expression of cytokines and MMPs in NP cells ([52], [129])

Ferulic acid (FA)
Inhibited the accumulation of ROS in NP cells [130, 131]

Upregulated the expression of aggrecan and type II collagen [130, 131]
Downregulated the expression of MMP-3 ([130], [131])

Cordyceps militaris
Inhibition of ROS production [132, 133]

Inhibition of NF-κB pathway activation [134]

ROS scavengers

Pyrroloquinoline quinone
(PQQ)

An important cofactor for mitochondrial dehydrogenase redox
ROS scavenger [135, 136]

Inhibited NP cell apoptosis [137]
Inhibited downregulation of type II collagen and aggrecan in NP cells [138]

Fullerenes Powerful ROS scavenger ([139], [140])

Fullerol

Reduction of ROS production in NP cells [141]
Attenuated upregulation of matrix proteases and downregulation

of type II collagen [142]
Promoted matrix synthesis [141]
Inhibited ectopic ossification [142]

Nonenzymatic
antioxidants

Glutathione (GSH)
Inhibited NP cell apoptosis and stromal breakdown [141, 143]

Reduced OS production ([49], [94])

N-Acetylcysteine (NAC)

Reduced ROS levels [49, 94]
Inhibited the activation of inflammatory signalling pathways [49, 94]

Inhibited catabolism of intervertebral disc cells [49, 94]
Inhibited autophagy and apoptosis of intervertebral disc cells [49, 94]

Improved premature aging ([49], [94])

Oestrogen Oestrogen

Enhanced antioxidant capacity [144]
Upregulation of aggrecan and type II collagen expression [145–147]

Downregulates the expression of MMP-3 and MMP-13 [148]
Reduces oxidative damage and promotes autophagy ([149], [137])
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addition, 17β-estradiol also counteracted against IL-1β-
induced apoptosis in myeloid cells through decreasing
MMP-3 and MMP-13 by the mitochondrial pathway [148].
Oestrogen could also reduce IVD cell apoptosis via various
mechanisms, such as the suppression of the inflammatory
cytokines IL-1β and TNF-α, catabolism reduction due to
the suppression of matrix metalloproteinases, the promotion
of integrin α2β1 and IVD anabolism, the upregulation of the
PI3K/Akt pathway, and the reduction of oxidative damage
[138, 149].

4.2. Others

4.2.1. Mesenchymal Stem Cell-Derived Exosomes. Exosome is
a type of extracellular vesicle, and the diameter range is 50-
100 nm; they are secreted by nearly all types of cells. Exo-
somes included cytokines, proteins, lipids, and noncoding
RNAs. Moreover, they are participated in cell-to-cell inter-
actions by transferring their contents among various cells.
Thus, exosomes have become essential mediators in the
treatment of different diseases [161, 162]. Exosomes could
exert anti-inflammatory effects in damaged NP cells via
inhibiting the activation of inflammatory regulators and
NLRP3 inflammasome. In addition, the impaired mito-
chondria can be recovered with mitochondrial proteins
which were provided by exosomes in NP cells. They also
contained antioxidant proteins, based on a proteomics
database [163, 164]. Exosomes could also lower ROS gen-
eration in NP cell and reduce cellular apoptosis. In addi-
tion, a recent study firstly reported that mesenchymal
stem cell-exosome therapy could suppress pyroptosis and
could be a possible therapeutic method to treat IDD
[165, 166].

4.2.2. Growth Factors. Growth factor therapy consists of
injecting biological factors directly into the IVD to increase
synthesis of the extracellular matrix, slow degeneration,
and block inflammation. Growth factors were peptides that
act against receptors to elicit cellular effects, including pro-
liferation, differentiation, apoptosis, and protein synthesis
[167]. For example, bone morphogenetic protein-7 sup-
pressed the proapoptotic role of H2O2 in vitro and sustains
the capacity of matrix synthesis following oxidative stress.
Insulin-like growth factor-1 improved the H2O2-induced
premature aging of human AF cells in vitro [168, 169].
The hepatocyte growth factor protected NP cells against
apoptosis caused by H2O2 in vitro, which reduced the gener-
ation of matrix proteases and proinflammatory cytokines in
NP rabbit cells [170].

5. Future Outlooks and Conclusion

IDD is a significant risk factor for low back pain and disabil-
ity, and the prevalence will continue to rise as the population
continues to age. Therefore, to clarify the accurate mecha-
nisms and find a safe and effective treatment for IDD is
becoming more and more important. Although the specific
mechanisms of IDD were not yet fully understood, what
has come to be known is that IDD is a systemic degenerative
process associated with multiple factors, among which the

contribution of oxidative stress to IDD pathogenesis is com-
plex and substantial, opening a novel horizon with respect to
the pathogenetic mechanism of IDD.

In this review, we mainly summarize the relationships
between oxidative stress and IDD, including aging, inflam-
mation, autophagy, and DNA methylation. Moreover, anti-
oxidant therapies are considered promising therapeutics
for IDD, which are also summarized in the present review.
In addition, we have summarized the abbreviations and their
full names as follows, as is shown in Abbreviations. Looking
forward, basic research experiments and clinical trials are
still needed to develop novel and reliable therapeutic targets
to treat IDD.

Abbreviations

AF: Annulus fibrosus
AGE: Advanced glycosylation end products
ALE: Advanced lipid oxidation end products
AMPK: Adenosine monophosphate activated protein

kinase
ECM: Extracellular matrix
EP: Endochondral plate
ERK1/2: Extracellular regulated kinase 1/2
FA: Ferulic acid
GSH: Glutathione
H2O2: Hydrogen peroxide
IDD: Intervertebral disc degeneration
IL-1: Interleukin 1
LBP: Low back pain
MAPKs: Mitogen-activated protein kinases
MMP-3: Matrix metalloproteinase-3
MMPs: Matrix metalloproteinases
NO: Nitric oxide
NP: Nucleus pulposus
O2

-: Superoxide anions
OCl-: Hypochlorite ions
OH-: Hydroxyl radicals
PI3K/Akt: Phosphatidylinositol-3 kinase
PQQ: Pyrroloquinoline quinone
RNS: Reactive nitrogen species
ROS: Reactive oxygen species
RSV: Resveratrol
SIRT1: Silent information regulator 1
SIRT3: Silent information regulator 3
TNF-α: Tumour necrosis factor alpha
Trx: Thioredoxin.
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