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Chronic low back pain (LBP) is an increasingly prevalent issue, especially among
aging populations. A major underlying cause of LBP is intervertebral disc
degeneration (IDD), often triggered by intervertebral disc (IVD) inflammation.
Inflammation of the IVD is divided into Septic and Aseptic inflammation.
Conservative therapy and surgical treatment often fail to address the root
cause of IDD. Recent advances in the treatment of IVD infection and
inflammation range from antibiotics and small-molecule drugs to cellular
therapies, biological agents, and innovative biomaterials. This review sheds
light on the complex mechanisms of IVD inflammation and physiological and
biochemical processes of IDD. Furthermore, it provides an overview of recent
research developments in this area, intending to identify novel therapeutic
targets and guide future clinical strategies for effectively treating IVD-
related conditions.
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1 Introduction

1.11VD, IDD, and LBP

Low back pain (LBP) is a common clinical condition that has become increasingly
prevalent, with an increasing incidence rate in older age groups. According to statistical
reports, the global incidence rate of LBP ranges between 13.1% and 28.5% (Maher et al.,
2017). Individuals from lower- and middle-income groups experience LBP less frequently
than those in higher-income groups (Hartvigsen et al., 2018; Knezevic et al, 2021). LBP is a
leading cause of productivity loss and a major contributor to disability worldwide, placing a
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significant strain on healthcare systems and global economies
worldwide (Luo et al., 2004; Katz, 2006; Freburger et al., 2009).
The intervertebral disc (IVD) is a sealed structure situated
between the vertebral bodies of the human spine. It consists of
cartilage plates, fibrous rings, and a nucleus pulposus (NP)
(Gantenbein et al, 2023). The IVD serves to connect adjacent
vertebral bodies and facilitate spinal movement (Nixon, 1986;
Stokes and Tatridis, 2004). More than 80% of people aged above
50years experience intervertebral disc degeneration (IDD), which is
commonly linked to LBP (Antoniou et al., 1996). Several pathological
changes are associated with IDD, such as extracellular matrix (ECM)
degradation, inflammation, and cell loss through apoptosis (Sakai
and Grad, 2015). Secretion of cytokines (tumor necrosis factor-alpha
[TNF-0, interleukin [IL]-1B, and IL-6 being the most prominent
cytokines) leads to recruitment of host immune cells (macrophages,
neutrophils, and T cells) if IVD structural defects are present. As the
inflammatory response progresses, immune cells and nociceptive
nerve fibers from the dorsal root ganglia begin to infiltrate the
damaged IVD tissue. Upon the release of neurotrophic factors by
both NP cells and immune cells, the activation of nociceptive nerve
fibers occurs, initiating the process of pain transduction. Moreover,
the presence of inflammatory cytokines has been found to augment
degenerative mechanisms through the activation of ECM breakdown
proteins and the inhibition of ECM structural molecule expression
(Sun et al, 2022). The causes of IDD are diverse, encompassing
genetics; biomechanical changes; alterations in the cellular
microenvironment; bacterial or microbial infections; and lifestyle
factors such as smoking, alcohol consumption, and obesity.
Throughout the IDD process, an increase in pro-inflammatory
cytokines within IVD cells is observed, culminating in cell
degeneration and necrosis, ultimately leading to ECM degradation
(Roughley, 2004; Adams et al., 2009; Kepler et al.,, 2013; Lin et al.,
2023). This, in turn, brings about alterations in the structure and
biomechanical properties of the spine. The increased presence of pro-
inflammatory cytokines exacerbates the inflammatory response,
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Various factors contribute to IDD, which in turn leads to LBP.
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triggers angiogenesis and neural ingrowth, and prompts the release
of pain mediators within the IVD (Figure 1). IDD constitutes a
complex and multifactorial process. Inflammation, with or without
microbial infection, plays an important role in IDD (Cazzanelli and
Wuertz-Kozak, 2020). This inflammation is one of the differentiating
factors between symptomatic and asymptomatic IDD, indicating a
connection between inflammation and LBP.

In clinical treatment (Chou et al., 2009), doctors assess patients’
symptoms and medical history based on the etiology and
pathogenesis of discogenic LBP to determine the appropriate
treatment approach. Common treatments include conservative
treatment and surgical intervention. Conservative treatment
methods are rest, physical therapy, medication, and rehabilitation
exercises for pain relief, functional improvement, and promoting
recovery. Surgical treatment is often recommended for patients who
are nonresponsive to conservative treatment or have severe
conditions that may involve procedures such as discectomy, disc
replacement, or artificial disc implantation.

Research in basic medical sciences and translational medicine
aims to understand the pathogenesis of discogenic LBP and to
develop new treatment methods. Studies have examined the
structural and histological characteristics of IVDs, along with
associated molecular biology and biomechanical changes, using
animal models and cell experiments. These investigations help to
clarify the mechanisms of IDD and offer a theoretical foundation for
new treatment strategies. Research also focuses on the development
of novel diagnostic methods and therapeutic approaches. For
example, researchers are exploring the use of biomarkers, imaging
techniques, and genomics to diagnose discogenic LBP (Bhujel et al.,
2022). Technological advancements in fields such as stem cell and
gene therapy also show promise for more effective treatment
options for patients (Novais et al., 2021).

This review elucidates the underlying inflammatory processes
of aseptic and septic inflammation during IDD and introduces
various novel drugs, materials, and interventions that can mitigate
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inflammation, delay the onset and progression of IDD, and alleviate
patient pain. We hope that the insights provided in this review will
offer new avenues for the clinical treatment of LBP related to
IVD infection.

1.2 Physiological and biochemical changes
in IDD

At present, specific blood markers are not implicated in IDD.
Clinical identification of IDD relies predominantly on evaluating
clinical history, imaging studies, and neurophysiological tests (Wu
et al., 2020) (Table 1). Patients often seek medical attention when
experiencing persistent lower back and leg pain, signifying the
progression of IDD to the middle or late stage. Detecting early
IDD poses challenges, as the loss of proteoglycans, Aggrecan, and
alterations in certain proteinase levels are not readily discernible
microscopically (Knezevic et al.,, 2021). An innovative quantitative
MRI (gMRI) technique has been validated to identify specific
characteristic changes associated with IDD at an earlier stage
(Russo et al., 2023). In a systematic review conducted by Fabrizio
Russo and colleagues (Russo et al., 2023), qMRI technology
demonstrated superior efficacy compared to conventional MRI
techniques in revealing subtle alterations in water content,
proteoglycans, glycosaminoglycans, and select degradation
markers, thereby enhancing its capability for the early detection
of IDD.

IVD is a natural aging process characterized by a recurring cycle
from cell death to matrix remodeling (Kang et al, 2023).

TABLE 1 Clinical methods commonly used to detect intervertebral
disc degeneration.

diagnostic

advantage disadvantage

method

Pain convenient, fast low security,
induction low accuracy
experiment

X-ray economical, convenient limited soft

tissue contrast

limited soft
tissue contrast

CT clear visualization of the
intervertebral disc structure

MRI clear visualization of the time-

intervertebral disc and its consuming, expensive

surrounding soft tissues

MRS assess the content of different
chemicals in the

technology is
not mature
intervertebral disc

qMRI allows for early detection of lacks uniform
changes in the substance diagnostic criteria,
content within the IVD technology is
not mature
electrophysiological | testing the nerve function difficult to detect in
scan around the IVD the early stages
bone scan detecting the bone structure radioactive, difficult to

of the IVD detect in the

early stages
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Distinguishing the pathological changes between a normally aging
intervertebral disc and one affected by degeneration proves
challenging (Francisco et al., 2022). Additionally, the
pathophysiological alterations in IDD and the radiographic
features of various clinically relevant spinal disorders are distinct
(Teng et al., 2023). If radiological evidence indicates disc issues,
such as disc narrowing or disc protrusion, patients often present
with pain as their primary complaint. However, the presence of
IDD alone does not always correlate with pain. Despite this, a strong
association persists between IDD and LBP (Yang et al.,, 2022a).

The IVD undergoes numerous physiological and biochemical
changes during normal aging or when exposed to factors such as
acute trauma, bacterial infection, and gene mutations (Francisco
et al., 2022). One of the most notable alterations in intervertebral
disc degeneration is the reduction in Aggrecan (proteoglycan)
content. Aggrecan, the most abundant proteoglycan in the IVD,
experiences diminished levels, leading to the breakdown of the
matrix structure (Mohd Isa et al., 2022). Consequently, this results
in a reduction in disc height and static water pressure, potentially
causing damage to a spinal segment if left unaddressed.
Additionally, during the process of intervertebral disc
degeneration, there is an increase in the content of fibrous
connective proteins, further depleting the levels of Aggrecan.
Simultaneously, the levels of enzymes associated with Aggrecan
metabolism also undergo changes (Wang et al., 2023).

While collagen content has been observed to increase during the
detection of IDD, the proportion of its subtypes undergoes
alterations. Type II collagen is the predominant collagen in NP
tissue; however, in IDD, the content of cross-linked and denatured
type II collagen gradually decreases. Consequently, the ratio of type
I collagen to type II collagen rises, leading to reduced fluidity and
increased rigidity of the IVD at this stage (Trefilova et al., 2021).

Cell apoptosis is another phenomenon associated with IDD.
Unfortunately, apoptosis is an irreversible event that occurs with
aging, and reports indicate that, at a specific age, half of the cells in
the IVD have already undergone apoptosis (Trout et al.,, 1982).
Research has demonstrated that notochordal cells play a role in the
recovery of IDD. In certain animal models of disc injury, the
population of notochordal cells persists even as the animals
mature (Li et al.,, 2023a). However, studies have shown that, even
in the early stages of human development, there is a significant
reduction in viable NP progenitor cells with age. Hence, many
researchers believe that the loss of viable NP progenitor cells is a
central factor in IDD (Harfe, 2022).

The decline in proteoglycan content constitutes another crucial
aspect of IDD. The hydrated matrix tissue is predominantly
composed of proteoglycans, and their reduction can impact the
comprehensive physiological functions of IVD. This encompasses
static water pressure, disc height, biomechanical characteristics, and
more, thereby influencing the physiological activities and
nutritional metabolism of the vertebral body (Silagi et al., 2018).
When proteoglycans are depleted in IVD, the normally elastic
fibrous tissue of the disc becomes stiffer, resulting in the
generation of unnatural mechanical stress. With the loss of the
hydrated matrix, the flexibility and static water pressure of the tissue
gradually decrease. The sustained inward pressure on the fibrous
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ring leads to compression and bulging of the IVD (Peng et al,
2023). Following this, alterations in mechanical stress affect the
surrounding fibrous tissue and ligaments, resulting in the thinning
of IVD joints and narrowing of the spinal canal. This process
persists, leading to IVD rupture and the development of advanced
spinal canal stenosis (Kushchayev et al., 2018). Damage to a single
spinal segment extends to involve adjacent segments, triggering
substantial tissue remodeling in the spine. Additionally, the
depletion of hydration in IVD matrix disrupts fluid flow and
reduces the capacity to transport essential nutrients, thereby
intensifying IDD and hindering regeneration (Yang et al., 2020).

1.3 Inflammation in IVD

Inflammation is a defensive response of living tissues with a
vascular system to damaging factors. It is also a defensive response
of the body to stimuli, characterized by redness, swelling, heat, pain,
and impaired function. There are many causes of inflammation in body
tissues. Inflammation can be categorized into two main groups:
infectious inflammation and aseptic inflammation. When the human
body is infected by pathogenic microorganisms and bacteria, viruses,
protozoa and other infections, and the body produces inflammatory
responses such as oozing, necrosis and hyperplasia; this is collectively
known as Septic inflammation. If the inflammatory reaction is caused
by physical and chemical factors, they are collectively called Aseptic
inflammation (Hodges et al., 2021). At the onset of inflammation,
whether septic or aseptic inflammation, a large number of
inflammatory factors are recruited. Many inflammatory mediators
and their associated signaling pathways have critical roles in the
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onset and progression of IDD (Cazzanelli and Wuertz-Kozak, 2020;
Zhao et al,, 2021). Pro-inflammatory effects: Inflammatory factors such
as TNF-o, IL-1B, and IL-1o (Figures 2, 3) exert pro-inflammatory
effects (Li et al.,
responses and cause changes in IVD tissues (Zhang et al, 2021).

2023b). These factors stimulate inflammatory

Their release can lead to pain, vasodilation, and the influx of
2022b). Cell apoptosis:
Overproduction or excessive accumulation of inflammatory factors
may lead to apoptosis (cell death) (Yang et al., 2020; Chen et al., 2022b)
or programmed cell death, in IVD cells. This process contributes to

inflammatory cells (Chen et al,

degenerative changes and structural damage in IVD tissues, particularly
in the NP, during IVD inflammation (Zhao et al., 2021). Cell signaling
of cytokines: Inflammatory factors can activate the expression of related
genes through cellular signaling pathways, such as the nuclear factor-
kappa B (NF-xB) pathway (Zhang et al., 2021). Elevated gene
expression can worsen inflammatory reactions and accelerate disease
progression (Xia et al., 2019). Induction of neuropathological changes:
The release of inflammatory factors can also cause neuropathic
2017). Research
indicates that inflammatory factors such as TNF-o can directly

changes, including increased pain (Wiet et al,

stimulate nerve endings, enhancing pain transmission and leading to
neuropathological modifications. Additionally, the presence of certain
inflammatory mediators promotes nerve growth into the IVD,
increasing susceptibility to LBP (Mohd Isa et al., 2022).

IDD is a pathological degenerative condition affecting the IVD,
a connective tissue located between the vertebrae that is essential for
spinal kinematics. This degeneration occurs at the tissue, cellular,
and molecular levels, resulting in significant alteration of the IVD’s
structure and function. This eventually reduces its ability to tolerate
compressive loads. Among the various pathological changes in IVD

mTNF-a
sTNF-a

@

Ac
37 J
Apoptosis b

Cytoplasm

/

o

Inflammatory, catabolic,

\ and survival genes

e T
Wi, QAN
TNF-a /

FIGURE 2
TNF-a signaling pathway.

Frontiers in Cellular and Infection Microbiology

04

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.

sIL-TRAcP

IL-1Ra sIL-1R2

IL-TR2

10.3389/fcimb.2024.1303645

N-terminal

propjece
+

N-terminal

V\i?kce

-
o_:1o %o
LA )
X}

Inflammatory
catabolic
genes

FIGURE 3

IL-la and IL-1 synthesis and signal transduction pathways.

that are associated with IDD, the most common are degradation of
the ECM degradation, inflammation, and cell loss through
apoptosis (Clouet et al., 2009).

During IVD inflammation, NP cells release increasing amounts
of pro-inflammatory cytokines, which can lead to progressive
degeneration and the development of pain in the IVD. Among
them, TNF-o, IL-1f3, IL-6, and IL-17 are particularly prominent.
These cytokines are known to facilitate matrix degradation, activate
host immune responses, and result in the infiltration of immune
cells and nerve fibers. Neural infiltration is particularly noteworthy,
as it is a key source of pain in degenerative disc disease (DDD)
(Risbud and Shapiro, 2014).

ECM degradation, apoptosis, and inflammation are recognized
as the main characteristics of DDD. These processes are
interconnected and mutually dependent (Urban and Roberts,
2003). Pro-inflammatory cytokines cause dysregulation of ECM
metabolism by upregulating the expression of ECM-degrading
enzymes and downregulating the expression of ECM structural
components (Wuertz and Haglund, 2013; Risbud and Shapiro,
2014). This internal degradation of the ECM leads to an
accumulation of ECM fragments outside the cells, further
amplifying the inflammatory response of NP cells (Quero
et al., 2013).

2 Treatment of septic inflammation

The question of whether bacterial infections contribute to IDD
is still debatable. However, some patients with chronic LBP have
reported relief following antibiotic treatment by alleviating pain and
reducing disability (Albert et al., 2013). Stirling et al. (Stirling et al.,
2001) first introduced the notion of IDD being linked to infection.
They found serological evidence of Gram-positive infection in 31%
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of patients with radicular symptoms and “sciatica” due to herniated
NP. Furthermore, they discovered that 53% of the cultured disc
samples from patients who underwent microdiscectomy tested
positive for bacteria, with the most commonly isolated bacteria
being Propionibacterium acnes (P. acnes) and coagulase-negative
staphylococci. He et al. reported an increase in nod-like receptor
protein 3 (NLRP3) positive cells in NP tissues infected with P. acnes,
a bacterium associated with acne. Administering the NLRP3
inhibitor MCC950 reduced the levels of inflammatory mediators
IL-1B and IL-18 (He et al., 2020).

The administration of antibiotics serves multiple purposes in
the context of disc surgery. Not only do they aim to prevent
infections from P. acnes during disc surgery, but they also protect
against other opportunistic pathogens that may be present on or
within the host skin, in anatomical areas of interest, or within the
operating room environment. Guidelines on surgical prophylaxis
from the American Society of Health-System Pharmacists and the
North American Spine Society recommend the use of cefazolin, a
negatively charged antibiotic, as a first-line prophylactic antibiotic
for patients undergoing spinal surgery in the United States.
Alternative antibiotics such as clindamycin, vancomycin, and
gentamicin (positively charged antibiotics) are used in specific
scenarios, such as when patients have hypersensitivity to
cephalosporins or B-lactams and can also be used for surgical
prophylaxis (Bratzler et al., 2013; Shaffer et al., 2013).
Clindamycin is usually recommended as a second-line antibiotic
if the patient is allergic to penicillin or is particularly allergic to
cephalosporins. Vancomycin is generally indicated for methicillin-
resistant Staphylococcus aureus (MRSA) carriers, patients suspected
of MRSA infection, or patients allergic to clindamycin. Gentamicin,
which primarily targets gram-negative bacteria, is less commonly
used as a prophylactic antibiotic due to its relatively high risk.
Although vancomycin is an effective antibiotic, it should be used
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only when necessary, partly to minimize the risk of resistance
development and to cope with its higher risk than that with
cefazolin (Urquhart et al., 2021).

Ozone is not an antibiotic. However, it can kill a wide range of
micro-organisms. Ozone therapy involves the administration of
ozone directly into the affected disc location, typically performed
under the administration of a local anesthetic. Ozone gas has the
ability to eliminate bacteria, fungi, and viruses within contaminated
discs. The process of inhibiting the growth and proliferation of
microorganisms is achieved through the destruction of their cell
walls or membranes. Additionally, it has the capability to impede
the synthesis of inflammatory mediators and diminish the
infiltration of cells involved in inflammation. Ozone has the
potential to facilitate the repair and healing mechanisms of IVD.
The intervention results in an augmentation of oxygen delivery to
the intervertebral disc, eliciting a stimulation of cellular
proliferation and production of extracellular matrix components,
ultimately facilitating the process of tissue healing. Francesco
Somma conducted a study wherein the Oswestry Disability Index
(ODI) showed a substantial reduction among patients with disc
herniation who had previously been infected with the novel
coronavirus following ozone therapy (Somma et al,, 2022).

The effectiveness of antibiotics in treating IVD infection or
degeneration remains controversial. Lars Christian Haugli Braten
et al. conducted a double-blind, multicenter trial involving 180
patients selected from outpatient clinics in six Norwegian hospitals.
Patients were randomly assigned to receive either oral amoxicillin
thrice daily or a placebo for 3 months. Using the Roland-Morris
Disability Questionnaire (RMDQ), patient outcomes were assessed
at 1-year follow-up. The results showed that the average RMDQ
score in the amoxicillin group was 1.6 points lower than that in the
placebo group, but it did not reach the minimum clinically
significant difference of 4 points. Therefore, their findings do not
support the use of antibiotics for improving patients” conditions in
LBP treatment (Briten et al., 2019). Further research is needed to
determine the clinical efficacy and underlying mechanisms of
antibiotic treatment for IVD infection.

3 Treatment of aseptic inflammation
3.1 Small molecule drug therapy

Within the realm of pharmaceuticals, small molecules are
characterized as substances that possess the ability to bind to
certain biological macromolecules, hence exerting influence over
distinct biological processes. Small molecules exhibit a maximum
molecular weight of 900 Daltons and necessitate efficient diffusion
across cellular membranes and the digestive system in order to be
absorbed. In general, molecules with a molecular weight exceeding
550 Daltons have greater difficulties in terms of absorption,
although certain molecules with a molecular weight of up to 900
Daltons have been observed to effectively traverse the barrier
(Hojjat-Farsangi, 2014; Sandborn, 2015). The utilization of small
molecules as medicinal agents offers numerous advantages. Due to
their diminutive dimensions, they provoke a reduced
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immunological response within the host and are believed to
possess properties that counteract inflammation, apoptosis, and
oxidative stress while also exhibiting anabolic and anti-catabolic
activities (Kamali et al, 2021). Certain small compounds have
demonstrated encouraging outcomes as alternative medicinal
agents in laboratory experiments, animal models, and clinical
trials (Molinos et al., 2015; Pan et al, 2018). These therapeutic
compounds demonstrate a range of phenomena that promote IVD
regeneration and hinder degeneration. These include antioxidant,
anti-inflammatory, anti-aging, anti-apoptotic, anti-catabolic, and
anabolic actions.

Various small molecule drugs, such as naringin, cannabidiol
(CBD), epigallocatechin gallate (EGCG), curcumin, icariin,
resveratrol, berberine, and tofacitinib, were found to have an
impact on the down-regulation of IL-1 and TNF-o in IVD cells,
as observed in multiple in vitro investigations. Previous studies have
reported that icariin, resveratrol, and EGCG possess inhibitory
effects on NF-kB and p38/MAPK signaling pathways. As a result,
these compounds are able to regulate inflammatory responses and
impede the progression of degenerative cascades (Cao et al., 20165
Xu et al., 2018). Gefitinib, kaempferol, and berberine are further
small compounds that selectively inhibit the NF-kB signaling
pathway (Zhu et al,, 2017; Pan et al, 2018; Lu et al, 2019). In
contrast, rhein and uridine In vitro, the intracellular p38/MAPK
signaling pathway was observed to be obstructed (Li et al., 2011; Liu
et al., 2018).

The examination of anti-inflammatory medicines has
demonstrated their efficacy in alleviating symptoms in individuals
with IDD. Nevertheless, the precise mechanisms behind their
potential anti-inflammatory and rejuvenating activities remain
inadequately elucidated. In a study conducted by Li Z et al, the
authors discovered the potential of etanercept and tofacitinib in
preserving disc homeostasis within intervertebral disc bioreactors
using preclinical disc organ culture models. This approach enabled
the application of dynamic loading and facilitated nutrition
exchange (Li et al., 2020). Etanercept was administered via
intradiscal injection while simultaneously replenishing tofacitinib
in the culture medium. The study employed immunohistochemistry
as a method to evaluate the protein expression levels of IL-1f3, IL-6,
IL-8, and collagen II in IVD tissues. The expression of IL-1{, IL-6,
IL-8, matrix metalloproteinase-1 (MMP1), and matrix
metalloproteinase-3 (MMP3) in NP tissue, as well as IL-1f,
MMP3, cyclooxygenase-2 (COX-2), and nerve growth factor
(NGF) in annulus fibrosus (AF) tissue, was downregulated by the
administration of etanercept and tofacitinib. Etanercept and
tofacitinib have shown the capacity to counteract the
proinflammatory and catabolic milieu in organ culture models
of IDD.

IL-1B serves as the primary inflammatory component
responsible for expediting the process of disc degeneration.
Furthermore, there is an observed elevation in the levels of IL-1[
within degenerated discs. In recent studies, it has been observed that
luteolin, which belongs to the class of flavonoid glycosides, exhibits
anti-inflammatory characteristics. Luteolin exhibited the ability to
preserve cellular shape and suppress apoptosis in intervertebral disc
NP cells treated with IL-1f. This was evidenced by a decrease in the
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production of cleaved caspase3 (Lin et al., 2019). Additionally, it
demonstrated inhibitory effects on many inflammatory mediators,
including nitric oxide (NO), prostaglandin E2 (PGE2), TNF-o,
interleukin 6 (IL-6), COX-2, and inducible nitric oxide synthase
(INOS) in NP cells treated with IL-1B. The findings from
mechanistic investigations demonstrated that luteolin exerted
inhibitory effects on the NF-xB signaling pathway. Furthermore,
it was shown that the regulation of luteolin in NF-kB signaling
entailed the participation of Nrf2, as seen by the diminished
inhibitory effect of luteolin on NF-xB signaling upon Nrf2
knockdown. This finding provides evidence that luteolin has the
ability to stimulate the Nrf2/HO-1 signaling pathway, suggesting its
potential as a therapeutic intervention for IDD.

Nonsteroidal anti-inflammatory medications (NSAIDs) are
commonly employed as the primary therapeutic approach for
alleviating pain symptoms by mitigating the inflammatory element
of the pain pathway. COX-2 inhibitors belong to a category of
NSAIDs that selectively inhibit the enzyme COX-2, resulting in the
alleviation of inflammation and pain while minimizing
gastrointestinal side effects compared to nonselective NSAIDs.
NSAIDs have the potential to be utilized in conjunction with
additional analgesics, including paracetamol and mild opioids (such
as tramadol), in order to effectively address pain pathways at various
stages. Tellegen AR et al. investigated the controlled release and
biological effectiveness of celecoxib, a selective COX-2 inhibitor, from
polyester amide microspheres in an in vitro setting (Tellegen et al,
2018). The experiment demonstrated that the release of celecoxib in
vitro was prolonged for a period exceeding 28 days. This sustained
release led to a notable reduction in inflammation, as indicated by the
decreased production of PGE2. Additionally, the experiment revealed
anti-catabolic effects in NP cells obtained from degenerative IVD, as
evidenced by quantitative polymerase chain reaction (QPCR) analysis.
Moreover, there is evidence suggesting that inflammation is involved,
as indicated by the reduction in tissue levels of PGE2 and the decrease
in immunopositivity of neural growth factor. These findings
indirectly support the notion that the topical application of COX-2
inhibitors might effectively alleviate pain associated with
intervertebral disc degeneration.

Rapamycin is a lipophilic antibiotic mainly used to prevent
immune rejection after organ transplantation, owing to its
immunosuppressive properties (Webster et al., 2006). It
specifically inhibits the mammalian target of rapamycin (mTOR),
a serine/threonine protein kinase that is crucial for cell growth and
proliferation (Mossmann et al., 2018). Rapamycin is a specific
inhibitor of mTOR and can also activate cellular autophagy,
thereby protecting cells or tissues from further damage (Benjamin
et al,, 2011). Zuo Rui et al. constructed a mouse model with a
degenerated cartilage endplate (CEP). Under the induction of
rapamycin-induced autophagy, chondrocyte-like cells in CEP
stem cells were protected from TNF-o-induced oxidative stress.
The study also showed that rapamycin enhanced the Nrf2/Keapl
pathway, boosting the expression of antioxidant proteins (Zuo et al.,
2019). Jinyu Bai et al. designed a reactive oxygen species (ROS)-
clearing scaffold loaded with rapamycin (Rapa@Gel). After
establishing a rat IVD injury model, Rapa@Gel treatment reduced
the proportion of MI1-like macrophages and alleviated
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inflammation in the damaged IVD tissue in rats, showcasing the
IVD regenerative potential of rapamycin (Bai et al., 2020). Gao C.
et al. (2018) reported that borrelidin treatment induced senescence
in rabbit annulus fibrosus stem cells (AFSCs), but after rapamycin
treatment, the gene expression of MMP-3, IL-1P, and TNF-o. was
downregulated in AFSCs. Furthermore, rapamycin could inhibit the
multidirectional differentiation potential of AFSCs in a
concentration-dependent manner, thus delaying IDD onset
(Takahashi et al., 1999).

To date, numerous small-molecule drugs, including growth
factors or cytokine inhibitors, have shown compelling and specific
therapeutic effects in basic research (Wang et al., 2021; Wu et al,,
2022; Chen et al., 2023b). However, none of these small-molecule
drugs has yet been successfully applied in clinical settings to
ameliorate IDD. There is also a lack of clinical studies on small
molecule drugs for the treatment of IDD. Regarding this, the author
has summarized the following reasons:

I. The process of IDD is excessively complex and variable,
involving factors such as inflammation, apoptosis, infection,
mechanical stress changes, cell transplantation, and cell
transformation. The intricate physiological and
biochemical changes pose a challenge for a single drug to
alter all physiological and biochemical activities during the
degeneration process (Knezevic et al., 2021).

II. The short half-life of various bioactive molecules within
joints and IVD reduces the duration and effectiveness of
drug concentration, preventing drugs from exerting a
prolonged effect (Liu et al., 2023b).

III. Despite the multitude of targets for the IDD process,
critical targets are lacking. Most targets can only inhibit a
specific degenerative process and cannot achieve
comprehensive control, thus failing to influence the
entire process of IDD (Guo et al., 2022).

IV. Cells from various sources within the IVD are overly
complex, including NP cells, fibroblasts, and chondrocytes,
all with different origins. The physiological activities of cells
from different sources are significantly distinct, increasing
the difficulty of drug treatment (Zhang et al., 2023).

V. There are significant challenges in clinical trials. Clinical
trials consume considerable time and financial resources,
involving ethical issues and concerns about data validity
and authenticity. Not every preclinically effective small
molecule drug can be feasibly subjected to clinical trials”.

Hence, additional research is essential in identifying crucial
targets, refining drug delivery systems, and conducting clinical
trials. This necessitates collaborative efforts from experts within
the industry.

3.2 Sirtuin family

Sirtuins are a family of protein deacetylases that are highly
conserved and depend on nicotinamide adenine dinucleotide
(NAD+) for their deacetylase activity. These proteins are pivotal
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in extending lifespan and delaying the onset of aging-related
diseases (Watroba et al., 2017). They are involved in various
metabolic processes, including the regulation of inflammation
(Mendes et al,, 2017). Notably, several studies have identified the
role of specific sirtuins—namely SIRT1, SIRT2, SIRT3, and SIRT6—
in the occurrence and progression of IDD and the aging process of
IVD cells (Cai et al., 2020; Ma et al., 2022; Hou et al., 2023). These
sirtuins influence inflammation, oxidative stress, and mitochondrial
dysfunction (Zhang et al., 2020) (Figure 4).

Among the sirtuin family members, SIRT1 is the most
extensively studied protein and is associated with aging, cancer,
and various degenerative diseases (Yang et al, 2022b). Existing
studies indicate that SIRT1 has the potential to reduce
inflammation, inhibit oxidative stress, and enhance mitochondrial
function. These abilities make it a promising candidate for delaying
the onset and progression of IDD (Ji et al., 2018). SIRT1 expression
has been detected in NP cells. As IDD progresses, the expression
level of SIRT1 mRNA has shown a notable decrease. Furthermore,
in vitro tests have shown that activating SIRT1 with resveratrol, a
known SIRT1 agonist, promotes NP cell proliferation while
inhibiting apoptosis (Wuertz et al, 2011). Yi et al. (Yi et al,
2019) reported that NF-xB knockdown using P65-siRNA
significantly reduces LPS-induced NP cell apoptosis and the
expression of the pro-inflammatory factors TNF-or and IL-1f.
The NF-xB signaling pathway is a crucial mediator in the
inflammatory response of IDD. SIRT1 in IDD inhibits the NF-xB
pathway and, consequently, reduces IL-1B-induced inflammation,
thereby reducing NP cell apoptosis and ECM degradation. Further
adding to SIRT1’s capabilities, Hao et al. (Hao et al., 2022) reported
that the protein p300 could upregulate the expression levels of
FOXO3 by binding to the promoter region of sirtl. This interrupts
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the Wnt/B-catenin pathway, contributing to reduced inflammation
and delayed IDD progression. In addition to regulating the
inflammatory response, oxidative stress resulting from excessive
production of ROS can accelerate IDD through the modulation of
signaling pathways such as NF-xB, MAPK, and PI3K/Akt pathways
(Davalli et al., 2016). St-Pierre et al. reported that SIRT1 can inhibit
this oxidative stress by inducing the deacetylation of PGC-1a,
which leads to the overexpression of antioxidant enzymes,
including manganese superoxide dismutase (Mn-SOD), which
inhibits oxidative stress. Furthermore, SIRT1 deacetylates
FOXO3a and translocates it to the nucleus, leading to upregulated
expression of other antioxidant enzymes and peroxidases,
protecting cells from damage caused by oxidative stress. During
IDD progression, both the number and function of mitochondria in
aging NP and annulus fibrosus cells tend to diminish,
compromising their cellular function. Miyazaki et al. (Miyazaki
et al.,, 2015) revealed that the administration of recombinant human
SIRT1 (rhSIRT1) increased autophagy and reduced nutrient
deprivation-induced mitochondrial apoptosis in cultured human
NP cells. This suggests that rhSIRT1 might be an effective
therapeutic approach for treating IVD-related diseases. In
summary, SIRT1 presents a compelling case as a potential clinical
target for delaying IDD and providing effective treatment for LBP.

Like SIRT1, SIRT?2 is also ubiquitously found in the cytoplasm
and nucleus across a variety of human tissues. Although it does not
have as specific a regulatory role as SIRT1 in cellular functions,
SIRT2 is closely linked to inflammation, oxidative stress response,
and mitochondrial function. SIRT2 becomes upregulated under
conditions of oxidative stress, leading to the deacetylation of
FOXO3a and an increase in the expression of its target genes
(p27 kip 1, MnSOD, and Bim). This chain of events subsequently
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reduces the production of reactive oxygen species (ROS) (Wang
et al.,, 2019b). PGC-1a, a downstream molecule of SIRT2, acts as a
transcriptional coactivator for numerous genes and plays a pivotal
role in mitochondrial biogenesis, energy management, and cellular
survival. It is also instrumental in clearing mitochondrial proteins of
ROS (Halling and Pilegaard, 2020). Recent research has revealed
that SIRT2 offers protection to annulus fibrosus cells from oxidative
stress-induced apoptosis by regulating PGC-la. and inhibiting
mitochondrial autophagy (Xu et al,, 2019). A study by Yang et al.
(Yang et al, 2019) showed that SIRT2 expression is markedly
reduced in tissues affected by severe IDD. However,
overexpressing SIRT2 in these degenerative NP cells notably
inhibits the p53/p21 pathway, thereby slowing down tissue aging.
Additionally, SIRT2 overexpression leads to an increase in the
production of antioxidant enzymes SOD 1/2, mitigating oxidative
stress in IVD cells. Given these findings, SIRT2 holds promise as a
future target for preventing and delaying IDD.

In the realm of sirtuins research, SIRT3 stands out as the only
member proven to extend human lifespan. Located primarily in the
mitochondria, SIRT3 assumes a prominent role in mitochondrial
function (Gao J. et al., 2018). Under stressful conditions,
mitochondria may overexpress SIRT3, which then boosts the
expression of the FOXO3a gene, essential for producing SOD2
and catalase. Advanced glycation end products (AGEs), which are
associated with late stages of IDD, are known to induce oxidative
stress and impair mitochondrial function (Liao et al., 2019). A study
by Song et al. (Song et al, 2018) demonstrated that diminished
SIRT3 functionality and reduced mitochondrial antioxidant
capabilities are key factors in AGE-induced oxidative stress and
the resulting apoptosis in human NP cells. Furthermore,
nicotinamide mononucleotide has been shown to enhance SIRT3
functionality and thereby reduce apoptosis in NP cells through the
AMPK-PGC-1o pathway (Martin et al., 2017). This suggests that
SIRT3 plays a crucial role in preventing AGE-induced apoptosis in
human NP cells and may be effective in delaying the progression of
IDD by improving mitochondrial redox homeostasis.

Sirt6 has unique enzymatic activities, including both ADP-
ribosyltransferase and NAD+-dependent deacetylase functions
(Liu et al, 2021). Chen et al. (Chen et al, 2018) showed that
levels of Sirt6 tend to decline in the NP cells of older individuals,
while its overexpression can deter apoptosis in these cells. Another
study by Jiang Hua et al. (Jiang et al., 2021) identified a significant
upsurge in the levels of miR-338-3p in NP cells from patients with
IDD. Injecting antagomir-338-3p attenuated the inhibitory effect of
SIRTS6, thus reducing cellular aging and apoptosis in NP cells. In
summary, these findings suggest that SIRT6 could be a therapeutic
target for delaying IDD progression by mitigating apoptosis in
NP cells.

3.3 Cell therapy

During IVD, there is a steady decline in the population of
healthy resident cells, which is accompanied by the progression of
catabolic activity while tissue anabolism occurs (Vadala et al., 2019).
In order to promote the natural regenerative processes of
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degenerative IVD, stem cells can be obtained from diverse origins
and afterward transplanted into afflicted host tissues. The concept
of “stemness” is a subject of great interest, encompassing the
transplantation of transdifferentiated somatic cells, induced
pluripotent stem cells, and embryonic stem cells. Undifferentiated
stem cells possess the capacity for self-renewal and proliferation,
leading to the generation of specialized cells that replenish the
population of cells within distinct tissues (Clouet et al., 2019). In
this context, it is plausible that these entities possess the capability
to release growth factors and cytokines, which serve the purpose of
facilitating the functioning of existing cells and enticing or
activating nearby progenitor cells. (Clouet et al, 2019; Vadala
et al, 2019). It has been proven that stem cells have been isolated
from many tissues, including IVD (Kraus and Lufkin, 2017; Kraus
et al,, 2017).

Various types of candidate cells have been identified in the field
of cell-based IVD therapy. These include NC cells, chondrocytes,
MSCs, and NP cells. Some of these cell types have undergone
preclinical and clinical investigations (Lufkin et al., 2022). Selection
of cell types requires knowledge of disc development as well as
understanding of maturation and degeneration-induced cellular
changes (Pattappa et al.,, 2012; van den Akker et al., 2016; Binch
etal, 2021). Promising approaches in the field of endogenous repair
involve the activation of IVD repair cells, together with the
administration of basic biological components such as
microRNAs (miRNAs) (Henry et al.,, 2018; Clouet et al.,, 2019).
Dong et al. (Dong et al., 2019)investigated the role of miR-640 in
DDD and inflammation. Having confirmed that miR-640 was
upregulated in both DDD tissues and cells, they found that this
upregulation could be caused by an inflammatory environment.
The application of TNF-o. and IL-1B to cells led to a notable
augmentation in miR-640 expression, which was facilitated
through the NF-kB signaling pathway. In this inquiry, they aim
to forecast the potential targets of miR-640 and substantiate the
claim that one of its targets is the low-density lipoprotein receptor-
related protein 1 (LRP1), which acts as an indirect inhibitor of NF-
kB. Combining cell therapies with miRNAs has the potential to
have a multiplier impact.

While cell therapy has demonstrated certain functional
improvements in basic research when compared to control groups,
its clinical translation has produced few satisfactory results. This is
attributed to the intricate biological microenvironment of intervertebral
discs, the complex mechanical stress on the spine, and the absence of a
unified cell treatment strategy. Notable drawbacks include issues such
as cell injection leakage, insufficient cell survival time, and ectopic
ossification (DiStefano et al., 2022). Additionally, the regulatory
measures and ethical concerns associated with cell therapy products
derived from human sources pose significant challenges, consuming a
substantial amount of time. Numerous studies have suggested that cell
therapy achieves therapeutic effects by activating pathways through
paracrine signaling molecules (Duan et al, 2023; Zhou et al, 2023).
Consequently, extracellular vesicles (EVs) have emerged as a new focal
point of research.

EVs can be generated by nearly all cell types. These vesicles
encapsulate various types of nanoscale particles, including lipids,
nucleic acids, amino acids and their metabolites, diverse proteins,
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mRNA, short-chain non-coding RNA, and DNA (van Niel et al,
2022) (Figure 5). Exosomes, a subtype of EVs, play a significant role
in intercellular communication. EVs act as a crucial means of
conveying specific molecules efficiently from source cells to target
cells (Buzas, 2023). The phospholipid bilayer on their surface
exhibits recognition specificity, making EVs well-suited for
precise biological marking and the transport of certain drugs
(Jeppesen et al., 2023). EVs represent an emerging field of
research in skeletal repair, with the majority of published studies
emerging within the last five years (Yin et al., 2022; Ebata et al,
2023; Liu et al,, 2023c). Documentation of the efficacy of EVs in
various organs and systems exists, and in osteoarthritis (OA), it has
been observed that EVs derived from mesenchymal stem cells
(MSCs) can inhibit inflammation, downregulate the levels of IL-
1B, IL-6, and IL-8, and increase extracellular matrix synthesis,
effectively alleviating pain (Li et al, 2022). Although the
mechanisms underlying OA and IDD are not entirely identical,
evidence suggests that EVs could constitute a promising research
direction for treating IDD (Liao et al., 2021).

In a study conducted by Hongxing Hu and colleagues (Hu et al.,
2023), Evs derived from pre-treated MSCs under low oxygen
conditions were injected into intervertebral disc tissues. The
results demonstrated an enhancement in NP proliferation and
increased production of proteoglycans and type I collagen. In vivo
experiments further elucidated that Evs promote IVD regeneration
through the transmission of miRNA-7-5p. In the research led by
Zhiwei Liao and collaborators (Liao et al., 2019), it was observed
that EVs derived from bone marrow mesenchymal stem cells
(MSC-exos) can activate the AKT and ERK pathways, mitigating
endoplasmic reticulum (ER) stress-induced cell apoptosis.
Additionally, Hongyuan Xing (Xing et al., 2021) and his team
integrated the extracellular matrix of thermosensitive cells into a

10.3389/fcimb.2024.1303645

hydrogel, combining it with EVs from adipose-derived
mesenchymal stem cells (ADSC) (dECM@exo). This innovative
approach, harnessing the biomechanical advantages of a hydrogel,
consistently releases vesicles carrying nanoparticles that modulate
matrix metalloproteinases (MMPs). This process aims to promote
matrix synthesis, reduce degradation, and inhibit inflammation.
Animal experiments validated its efficacy in maintaining the
homeostasis of the early IVD microenvironment and improving
the process of IDD.

While most in vitro experiments in existing studies have
demonstrated the benefits of EVs for NP cells and IVD
regeneration (Dai et al., 2023; Liu et al., 2023a), few studies have
reported their efficacy on annulus fibrosus (AF) cells and
cartilaginous endplate (CEP) cells (Yang et al, 2023). Future
research could further enhance investigations into these two cell
types. Additionally, there is a need to explore efficient methods for
cultivating stem cells and Evs molecular carriers, among other
considerations (Wu and Sun, 2021). In conclusion, Evs, as an
emerging research focus, present unique advantages compared to
traditional cell therapies. It is a subject worthy of deeper exploration
and holds promise as a novel pathway in clinical treatment.

3.4 Biomaterials

3.4.1 Hydrogel materials

The key to advancing the study of IVD regeneration and
transformation, slowing down, and improving IDD processes,
alleviating patients’ back pain, and enhancing their overall quality
of life lies in the development of novel treatment strategies. NP cells
have been identified as a promising therapeutic target. Numerous
clinical studies have shown that autologous mesenchymal stem cells
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(MSCs) can differentiate into NP cells (Lv et al., 2022). A cutting-
edge approach to treating IDD involves combining suitable
biological materials with cells, which is a novel strategy. These
materials not only counteract disc height reduction due to
degeneration but also restore the biomechanical stability of the
IVD (Yamada et al., 2022). Furthermore, they facilitate the
controlled release of encapsulated cells or bioactive factors
(Panebianco et al., 2020), thereby aiding in IVD repair and
slowing down its aging process.

The engineering of these biomaterials is critically important and
should meet certain criteria for maximum effectiveness. First, the
biomaterials should replicate the gel-like and swelling properties of
native NP cells (Chu et al., 2018). Additionally, these materials need
to be permeable for nutrient exchange and hydrophilic to support
the moist environment required for NP cell growth. Second, the
biomaterials should encourage NP cell regeneration while inhibiting
the ingrowth of vascular and neural tissues into the IVD. They
should also allow for the effective release of either encapsulated cells
or bioactive factors into the disc space. Third, these biomaterials
must be stable, compact, and lightweight for straightforward clinical
implantation (Fontana et al., 2015). Injectable hydrogels stand out
as ideal candidates for such biomaterials (Cha et al., 2022). These
hydrogels serve multiple functions: they can act as carriers for
various cells and bioactive factors. The injectable hydrogel can
easily mimic the biological properties of NP cells, and they can be
introduced directly into the NP through minimally invasive
injection techniques, minimizing tissue damage. Most
importantly, the hydrogel can serve as a protective barrier for the
biotherapy (cells or bioactive factors), preventing them from being
directly exposed to the adverse cellular microenvironment in
degenerated IVD (Tang et al., 2020). This enables the gradual
release of therapeutic cells or factors to stimulate NP tissue
regeneration without unwanted dispersion into surrounding
areas. Directly injecting MSCs into the NP presents challenges
due to conditions such as low glucose levels, high osmolarity, and
low pH, which can adversely affect cell proliferation (Wuertz et al.,
2008). Once injected, the hydrogel quickly ameliorates the
biomechanical properties of the degenerated IVD and steadily
releases biofactors that promote NP tissue regeneration (Xing
et al., 2021).

Self-assembling peptide hydrogels offer a groundbreaking class
of synthesized biomaterials that amalgamate the strengths of both
natural and synthetic hydrogels for medical applications. These
hydrogels possess several desirable traits, such as shear-thinning
behavior, high biocompatibility, ECM mimicry, and tunable
physicochemical properties, making them suitable and functional
tools for addressing IDD. For instance, Bryant et al. engineered a
dynamic multifunctional nanohybrid peptide hydrogel through
layered self-assembly of peptide amphiphiles modified with
enzyme-like biodegradable two-dimensional nanomaterials. This
hydrogel not only offered excellent injectability but also possessed
excellent anti-rejection and biodegradable properties (Conley et al.,
2023). Huang Lin et al. combined the photocrosslinking of
methacrylate chitosan (CSMA) through the Schiff base reaction
between CSMA and aldehyde polyethylene glycol diacrylate
(PEGDA) to form an injectable chitosan/PEG hydrogel (CSMA-
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PEGDA-L). Cell culture experiments showed that CSMA-
PEGDA-L has low cytotoxicity. Imaging studies conducted using
a rat animal model revealed that the hydrogel effectively delayed
IDD progression through physical blocking (Huang et al., 2023).

Hyaluronic acid (HA) is a nonbranching high-molecular-
weight polysaccharide naturally found in the ECM of various
hydrated tissues such as articular cartilage, synovium, and IVD. It
is essential for maintaining a high level of tissue hydration (Gupta
et al, 2019). When dissolved in water, HA can generate high-
viscosity solutions and can also be used clinically as an injectable
viscoelastic supplement to replenish HA in the synovial fluid in
osteoarthritis (Abatangelo et al., 2020). Sheida Jahanbekam et al.
demonstrated using a rat model that combining HA and gelatin
with deflazacort alleviates osteoarthritis (Jahanbekam et al., 2023).
Additionally, Isa’s research group revealed that cross-linked HA
hydrogels could suppress inflammation by downregulating specific
receptors and neurotrophic factors in NP cells exposed to IL-1f in
an in vitro inflammation model (Isa et al., 2015). This anti-
inflammatory action seems to be related to HA’s ability to the
binding of HA chains with CD44 receptors on cell surfaces, thereby
preventing further inflammation in NP cells. Furthermore, the use
of a 15% HA hydrogel loaded with MSCs in rat IVD resulted in cell
proliferation, improved disc height, and alleviation of pain and
inflammation (Mohd Isa et al., 2018).

IDD presents unique physical characteristics and pathological
microenvironment, including inflammation and oxidative stress;
however, effective self-repair is challenging in IDD because of its
inflammatory and oxidative microenvironment. During IDD
progression, an increased infiltration of M1 macrophages and
secretion of pro-inflammatory cytokines. To address this, Cheng
et al. (Cheng et al., 2022) designed a novel injectable composite
hydrogel scaffold: an oligo (poly[ethylene glycol] fumarate)/sodium
methacrylate (OPF/SMA) hydrogel scaffold loaded with dual drug/
releasing poly (lactic-co-glycolic) acid (PLGA) microspheres
containing IL-4 (IL-4-PLGA) and kartogenin (KGN-PLGA). The
scaffold demonstrated excellent mechanical properties and low
immunogenicity, along with a controlled drug release mechanism.
Notably, IL-4-loaded PLGA microspheres (IL-4-PLGA) facilitate
the transition of macrophages from the M1 to the M2 phenotype in
the initial induction stage. Conversely, KGN-loaded PLGA
microspheres (KGN-PLGA) yield enduring anti-inflammatory
effects. Furthermore, the researchers delved into the potential
mechanisms underlying immune modulation and the anti-
inflammatory effects of the composite hydrogel scaffold. The
scaffold promotes cell proliferation and viability in vitro. This
composite hydrogel scaffold maintains mechanical strength,
regulates the local inflammatory microenvironment, and
facilitates continuous repair of the NP tissue through sequential
release of drugs in vivo. Chen et al. constructed a hydrogel
combining HA and polyamide-based hydrogel (PAMAM) with
siSTING-RNA to target the STING-NF-kB signaling pathway, a
significant contributor and critical factor in IDD. This approach is
superior to traditional siRNA therapy and overcomes limitations
such as low cellular uptake, short half-life, and rapid siRNA
degradation. Tests in a puncture-induced rat model of IDD
confirmed that this siSTING-loaded hydrogel significantly
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alleviated IVD inflammation and decelerated IDD by prolonging
STING knockdown (Chen et al., 2022a). In subsequent studies, they
further incorporated P65 siRNA into a hydrogel modified with
phenylboronic acid-acid-functionalized G5 PAMAM dendrimers
(siRNA@G5-PBA@Gel), offering sustained drug release for over 28
days in vitro and in vivo. Combining this approach with cellular
therapy can significantly enhance IVD regeneration abilities (Chen
et al,, 2023a). In summary, injectable hydrogels are promising for
IDD treatment, mimicking the biological properties of NP cells and
enabling the incorporation of various cells or biofactors. This multi-
faceted approach enhances therapeutic efficacy, offering a credible
pathway to delay IDD progression.

3.4.2 Other biomaterials

The consensus is that IVD exhibits minimal intrinsic self-repair
capabilities following injury. While various supportive materials are
available, each comes with its limitations (Table 2). Current
bioengineering strategies endorse the integration of cells or
factors promoting disc regeneration into implant materials,
significantly enhancing the repair functionality of these implants
(Figure 6). This paper reviews several representative biomaterials
used in the recent treatment of IDD, summarizing their
characteristics (Table 3).

3.5 Clinical trials

At present, recent research on the treatment of IDD primarily
centers on diverse modalities involving cells, growth factors, small
molecule drugs, and combinations with or without biomaterials.
Numerous in vitro and preclinical studies have demonstrated the
ability of these approaches to induce the regeneration of NP cells
through various mechanisms, thereby facilitating the self-repair of
IVD. Preliminary results from some clinical trials are also available.
The clinical trials focusing on IDD degeneration treatment
conducted in the past five years total 12, as summarized in Table 4.

TABLE 2 Various IVD support materials.

Types advantage disadvantage

Artificial Disc | good structure and high-

function, stabilization risk, immunoreaction

Disc low-risk, alleviating pain unsteadiness,
Replacement dislodgement of
Materials implantation materials

Metal Spacers good stability, long durability ankylosis,

metal sensitivity

Polymeric handiness, no poor durability, need
Spacers anaphylaxis, elasticity more research
Biological high compatibility, helps expensive, need
Spacers regenerate and repair more research
intervertebral discs
3D- high adaptability, individuation expensive, need
Printed more research
Spacers
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4 Conclusions and perspectives

This review introduces the relationship between the occurrence
of LBP and IVD infections, emphasizing the role of inflammatory
responses in the progression of IDD and the development of LBP.
The main treatment modalities for clinical management of LBP
currently focus on pain-relieving medications and surgical
interventions with the aim of providing immediate relief from
severe pain. However, these approaches do not address the
progression of IDD, resulting in recurrent LBP and significant
impairment in daily life. The burden on healthcare resources and
society is substantial. Contemporary medical practice now
emphasizes personalized treatment, with a focus on alleviating the
progression of IDD and promoting IVD regeneration and recovery
rather than solely addressing pain relief. Consequently, there has
been extensive research on various novel treatment targets and
approaches as basic medicine integrates with clinical medicine.

Inflammation is an important factor in IDD and LBP. Most
IDD is initially caused by sustained pressure on the fibrous rings
and endplates, leading to age-related IDD. Therefore, it is believed
that most IDD is the result of sterile inflammation. However, the
issue of whether bacterial infection accompanies or is secondary to
IDD remains highly controversial. While some reports suggest that
symptoms in IDD patients improve after antibiotic treatment, other
reports indicate that the effectiveness of antibiotic treatment does
not meet the criteria for clinical effectiveness in IDD patients. The
variation in effectiveness may be attributed to factors such as the
type of antibiotic used, the dosage, and the duration of
administration "**!, It is important to note that this paper does
not address the mechanism and pharmacological effects of
antibiotics in the treatment of IDD, nor does it propose a
definitive treatment for IDD in cases of clinical septic
inflammation. These areas require further research and
exploration by scholars.

In recent years, the focus of modern clinical treatment has
shifted towards personalized care, specifically in regulating disease
progression from a microscopic perspective. As a result,
suppressing Inflammation, inducing NP cell regeneration,
improving the cellular microenvironment, and slowing down IDD
have become key areas of research interest. Significant progress has
been made in the study of various cell therapies, small molecular
drugs, and bioengineering materials (Sakai and Grad, 2015), with
cell and biofactor therapies showing promise in inhibiting
inflammatory signaling pathways and promoting NP cell
regeneration. To effectively control potential targets, such as
sirtuins and miRNAs, which are not yet clinically applicable but
have potential for slowing down the process of IDD, it is crucial to
use relevant biological factors or drugs. However, utilizing these
targets requires more in-depth and extensive trials conducted by
experts in the field. Furthermore, an ongoing challenge is achieving
effective long-term release of therapeutic cells or factors in the IVD
(Lazarus et al, 2021). With the advancement of bioengineering
scholars have investigated a biomaterial akin to medullary tissue -
hydrogel. Hydrogels have emerged as potential solutions, as they
can carry diverse drugs, cells, and biofactors. Nevertheless,
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(A) Three routes to EVs therapy, (B) Preparation process of hydrogel or scaffold.

TABLE 3 Recent representative biomaterials in the treatment of IDD.

Types of biological Mode of Subject Effect
materials administration
multifunctional gelatin methacrylate ex vivo and in vivo Rats improved the release kinetics of TGFf3, effectively inhibited (Zhu
(GelMA) microspheres NP cells inflammatory, promoted the et al., 2023)
secretion of ECM
NO-releasing micellar nanoparticles ex vivo Rats efficiently eradicate C. acnes pathogens, inhibit the inflammatory (Tao
response and osteoclast differentiation et al., 2022)
injectable composite hydrogel scaffold ex vivo and in vivo Rats increase in the proportion of M2 macrophages, higher expression (Cheng
NP cells levels of type II collagen, long-term anti-inflammatory effects et al., 2022)
injectable bioorthogonal ex vivo and in vivo Rats potentiated histological repair, functional recovery (Luo
hydrogel (BIOGEL) NP cells et al., 2023)
aligned core-shell nanofibrous scaffolds | ex vivo and in vivo Rats good anti-inflammatory ability enhance ECM formation and maintain | (Han
loaded with TGFB3 and IBU NP cells the mechanical properties of IVD et al,, 2022)
(Continued)
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TABLE 3 Continued

10.3389/fcimb.2024.1303645

Types of biological Mode of Subject Effect

materials administration

injectable collagen scaffold with ASC ex vivo Sheep less degeneration-specific features, stabilization of the disc height (Friedmann
model et al., 2021)

injectable composite hydrogel, Mel- ex vivo and in vivo Rats alleviate IL-1B-induced oxidative stress, relieve inflammation (Wu

MBG/SA NP cells associated with IDD pathology et al., 2023)

OxAlg with MBs combine ex vivo Bovine minimized AF cell apoptosis and retained phenotypic gene (Panebianco

FibGen hydrogels AF cells expression, biomechanically stable, promote ECM synthesis et al,, 2022)

TGEFp3, transforming growth factor B3; ECM, extracellular matrix; NO, nitric oxide; C.acnes, Cutibacterium acnes; IBU, ibuprofen; ASC, adipose-derived stem cells; Mel, melatonin; OxAlg,
oxidized alginate; MBs, microbeads; FibGen, genipin-crosslinked fibrin.

TABLE 4 Clinical trials on the treatment of IDD within 5 years.

Reference Clinical Type Design Number  Observation = Analysis Deliverables
Trial of study and of duration Variables
Number interventions patients
(Clavo NCT00566007 randomized 2021 ozone 19 78 months Safety, days and fewer inpatient
et al,, 2021) double-blind costs days and
controlled trial of hospitalization | lower costs,
(Beall NCT03709901 prospective, 2021 Disc 218 12 months VASPIL Clinically
et al., 2021) multicenter, Tissue Allograft ODI meaningful
blind, AEs improvement
randomized in both VASPI
clinical trial and ODI,
no persistently
symptomatic AEs
(Bréiten NCT02323412 double blind, 2019 750 180 12 months RMDQ three months of
et al,, 2019) parallel group, mg amoxicillin treatment with
placebo amoxicillin
controlled, did not provide a
multicentre trial. clinically
important benefit
compared
with placebo
(Amirdelfan NCT01290367 multicenter, 2020 STRO-3 100 36 months Radiographically | Clinically
et al,, 2021) randomized, +MPCs+HA evaluated meaningful
controlled study VASPIL improvement
ODI in both VASPI
AEs and ODI,
no persistently
symptomatic AEs
(Mazza multicentric 2020 a novel Hydrogel 23 6 months VAS, MRI, Decrease in VAS,
et al,, 2020) open label study (HYADDA4-G) RMDQ, EQ-5D RMDQ scores,
EQ-5D scores
rise,
Improvement in
Imaging
Indicators
(Noriega NCT01860417 randomized 2020 Allogeneic 24 3 years VAS, MRI, Pfirrmann graded
et al., 2021) controlled trial Mesenchymal Oswestry quantitative
Stem Cells Disability Index improvement,
early pain
improvements
and the Oswestry
Disability
Index
improvements
(Continued)
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TABLE 4 Continued

Reference

Clinical
Trial
Number

Type

of study

Design
and
interventions

Number
of
patients

Observation

duration

10.3389/fcimb.2024.1303645

Analysis
Variables

Deliverables

(Cheng
et al., 2019)

(Ercalik and
Kilic, 2020)

(Lee
et al., 2023)

(Akeda
et al., 2023)

(Zhang
et al., 2022)

(Atluri
et al., 2022)

NCT05011474

CTR1900024268

NCT04559295

randomized
controlled trial

prospective,
double-blinded,
randomized
controlled trial

prospective
study

randomized
clinical trial

retrospective
analysis
randomized
clinical trial

prospective
clinical study

Prospective,
open-label,
nonrandomized,
parallel-
controlled, 2-
arm exploratory
study

2019

2020

2023

2023

2022

2022

autologous
platelet-
rich plasma

Ozone, Steroid

Matrilin-3-Primed
Adipose-Derived
Mesenchymal
Stromal Cell
Spheroids

Intradiscal
Platelet-Rich
Plasma-

Releasate Injection

Autologous
Platelet-
Rich Plasma

Autologous
Bone Marrow
Mesenchymal
Stem Cells

29

65

15

33

80

5-9 years

6 months

6 months

12 months

12 months

12 months

pain, function,
satisfaction, and
need for surgery

VAS, ODI

VAS, ODI, MRI

MRI,
imaging
manifestations

IVD, MRI

ODI, EQ-5D,
MRI, GMH,
GPH, MCID,
NRS-11

demonstrated
statistically and
clinically
significant
improvements
in pain

and function

intradiscal ozone
injection alone
was sufficient to
treat low back
and

leg pain and that
periforaminal
steroid injection
does not provide
additional benefit

Improvement in
VAS, ODI scores,
no change in
Pfirrmann
classification

Radiographic
parameters
showed no
significant
changes,
significantly
improved

LBP and LBP-
related disability

relieve pain
sensation and
improve
lumbar function

Significant
improvement was
achieved in
functional status
measured by
OD], pain relief
measured by
NRS-11,

and other
parameters
measured by
EQ-5D-3L,
GMH, and GPH,

VASPI, Visual Analog Scale of Pain Intensity; ODI, Oswestry Disability Index; AEs, Adverse events; RMDQ, Roland-Morris Disability Questionnaire; MPCs, mesenchymal precursor cells; HA,
hyaluronic acid; EQ-5D, EuroQol-5 Dimension; GMH, Global Mental Health; GPH, Global Physical Health; MCID, minimal clinically important differences; NRS, Numeric Rating Scale.

hydrogels are currently made in a variety of ways, and a large range
of cells or drugs can be coupled with hydrogels. Most notably, all
hydrogel studies have only shown efficacy in rat models, but have
never been examined in a sheep model, which is more structurally
similar to the human spine (Wang et al., 2019a). In contrast, several
other biosupport materials have been validated in sheep models. As
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a result, more standardised methods for the creation of effective
hydrogel materials must be validated in order to determine their
clinical efficacy. The purpose of this paper is to provide fresh
insights into the clinical management of inflammation-induced
IDD and LBP by detailing numerous drugs, materials, methods
and clinical trials that have emerged in recent years that slow down
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the IDD process and promote IVD regeneration. Then again, it is
important to note that many of the studies mentioned are still in the
preliminary stages and require further exploration and research by
experts and scholars in the field.

Author contributions

SY: Writing - original draft, Writing — review & editing. SJ:
Writing - original draft, Writing - review & editing. SW: Funding
acquisition, Project administration, Supervision, Validation,
Writing - review & editing. FJ: Funding acquisition, Project
administration, Supervision, Validation, Writing - review
& editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

Abatangelo, G., Vindigni, V., Avruscio, G., Pandis, L., and Brun, P. (2020).
Hyaluronic acid: redefining its role. Cells 9 (7), 1743. doi: 10.3390/cells9071743

Adams, M. A,, Dolan, P., and McNally, D. S. (2009). The internal mechanical
functioning of intervertebral discs and articular cartilage, and its relevance to matrix
biology. Matrix Biol. 28 (7), 384-389. doi: 10.1016/j.matbio.2009.06.004

Akeda, K., Fujiwara, T., Takegami, N., Yamada, J., and Sudo, A. (2023). Retrospective
analysis of factors associated with the treatment outcomes of intradiscal platelet-rich
plasma-releasate injection therapy for patients with discogenic low back pain. Medicina
(Kaunas) 59 (4), 640. doi: 10.3390/medicina59040640

Albert, H. B., Sorensen, J. S., Christensen, B. S., and Manniche, C. (2013). Antibiotic
treatment in patients with chronic low back pain and vertebral bone edema (Modic
type 1 changes): a double-blind randomized clinical controlled trial of efficacy. Eur.
Spine J. 22 (4), 697-707. doi: 10.1007/s00586-013-2675-y

Amirdelfan, K., Bae, H., McJunkin, T., DePalma, M., Kim, K., Beckworth, W.]., et al.
(2021). Allogeneic mesenchymal precursor cells treatment for chronic low back pain
associated with degenerative disc disease: a prospective randomized, placebo-controlled
36-month study of safety and efficacy. Spine J. 21 (2), 212-230. doi: 10.1016/
j.spinee.2020.10.004

Antoniou, J., Steffen, T, Nelson, F., Winterbottom, N., Hollander, A. P., Poole, R. A.,
et al. (1996). The human lumbar intervertebral disc: evidence for changes in the
biosynthesis and denaturation of the extracellular matrix with growth, maturation,
ageing, and degeneration. J. Clin. Invest. 98 (4), 996-1003. doi: 10.1172/jci118884

Atluri, S., Murphy, M. B,, Dragella, R., Herrera, J., Boachie-Adjei, K., Bhati, S., et al.
(2022). Evaluation of the effectiveness of autologous bone marrow mesenchymal stem
cells in the treatment of chronic low back pain due to severe lumbar spinal degeneration:
A 12-month, open-label, prospective controlled trial. Pain Physician 25 (2), 193-207.

Bai, J., Zhang, Y., Fan, Q., Xu, J., Shan, H., Gao, X,, et al. (2020). Reactive oxygen
species-scavenging scaffold with rapamycin for treatment of intervertebral disk
degeneration. Adv. Healthc Mater 9 (3), e1901186. doi: 10.1002/adhm.201901186

Beall, D. P., Davis, T., DePalma, M. J., Amirdelfan, K., Yoon, E. S., Wilson, G. L., et al.
(2021). Viable disc tissue allograft supplementation; one- and two-level treatment of
degenerated intervertebral discs in patients with chronic discogenic low back pain: one
year results of the VAST randomized controlled trial. Pain Physician 24 (6), 465-477.

Benjamin, D., Colombi, M., Moroni, C., and Hall, M. N. (2011). Rapamycin passes

the torch: a new generation of mTOR inhibitors. Nat. Rev. Drug Discov. 10 (11), 868—
880. doi: 10.1038/nrd3531

Bhujel, B., Shin, H. E., Choi, D. J., and Han, I. (2022). Mesenchymal stem cell-derived
exosomes and intervertebral disc regeneration: review. Int. J. Mol. Sci. 23 (13), 7306.
doi: 10.3390/ijms23137306

Binch, A. L. A, Fitzgerald, J. C., Growney, E. A,, and Barry, F. (2021). Cell-based
strategies for IVD repair: clinical progress and translational obstacles. Nat. Rev.
Rheumatol. 17 (3), 158-175. doi: 10.1038/s41584-020-00568-w

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2024.1303645

Acknowledgments

Thanks to BioRender.com, and all figures are created with
BioRender.com. We thank Bullet Edits Limited for editing and
proofreading the manuscript for language proficiency.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Braten, L. C. H., Rolfsen, M. P., Espeland, A., Wigemyr, M., ABmus, J., Froholdt, A.,
etal. (2019). Efficacy of antibiotic treatment in patients with chronic low back pain and
Modic changes (the AIM study): double blind, randomised, placebo controlled,
multicentre trial. Bmj 367, 15654. doi: 10.1136/bmj.15654

Bratzler, D. W,, Dellinger, E. P., Olsen, K. M., Perl, T. M., Auwaerter, P. G., Bolon, M.
K., et al. (2013). Clinical practice guidelines for antimicrobial prophylaxis in surgery.
Am. ]. Health Syst. Pharm. 70 (3), 195-283. doi: 10.2146/ajhp120568

Buzas, E. 1. (2023). The roles of extracellular vesicles in the immune system. Nat. Rev.
Immunol. 23 (4), 236-250. doi: 10.1038/s41577-022-00763-8

Cai, W. T., Guan, P,, Lin, M. X,, Fu, B., and Wu, B. (2020). Sirtl suppresses MCP-1
production during the intervertebral disc degeneration by inactivating AP-1 subunits c-
Fos/c-Jun. Eur. Rev. Med. Pharmacol. Sci. 24 (11), 5895-5904. doi: 10.26355/
eurrev_202006_21482

Cao, L., Chen, X., Xiao, X., Ma, Q., and Li, W. (2016). Resveratrol inhibits
hyperglycemia-driven ROS-induced invasion and migration of pancreatic cancer
cells via suppression of the ERK and p38 MAPK signaling pathways. Int. J. Oncol. 49
(2), 735-743. doi: 10.3892/ij0.2016.3559

Cazzanelli, P., and Wuertz-Kozak, K. (2020). MicroRNAs in intervertebral disc
degeneration, apoptosis, inflammation, and mechanobiology. Int. J. Mol. Sci. 21 (10),
3601. doi: 10.3390/ijms21103601

Cha, G. D,, Lee, W. H., Sunwoo, S. H., Kang, D., Kang, T., Cho, K. W,, et al. (2022).
Multifunctional injectable hydrogel for in vivo diagnostic and therapeutic applications.
ACS Nano 16 (1), 554-567. doi: 10.1021/acsnano.1c07649

Chen, S., Lei, L, Li, Z, Chen, F., Huang, Y., Jiang, G., et al. (2022b). Grem1l
accelerates nucleus pulposus cell apoptosis and intervertebral disc degeneration by
inhibiting TGF-B-mediated Smad2/3 phosphorylation. Exp. Mol. Med. 54 (4), 518-530.
doi: 10.1038/s12276-022-00753-9

Chen, Y., Wu, C,, Zhao, X, Tan, H,, Li, C,, Deng, Y., et al. (2023b). 20-Deoxyingenol
alleviates intervertebral disc degeneration by activating TFEB in nucleus pulposus cells.
Biochem. Pharmacol. 218, 115865. doi: 10.1016/j.bcp.2023.115865

Chen, |, Xie, J. J., Jin, M. Y., Gu, Y. T., Wu, C. C, Guo, W. ], et al. (2018). Sirt6
overexpression suppresses senescence and apoptosis of nucleus pulposus cells by
inducing autophagy in a model of intervertebral disc degeneration. Cell Death Dis. 9
(2), 56. doi: 10.1038/541419-017-0085-5

Chen, J., Zhu, H,, Xia, J., Zhu, Y., Xia, C,, Hu, Z, et al. (2023a). High-performance
multi-dynamic bond cross-linked hydrogel with spatiotemporal siRNA delivery for
gene-cell combination therapy of intervertebral disc degeneration. Adv. Sci. (Weinh) 10
(17), €2206306. doi: 10.1002/advs.202206306

Chen, J., Zhu, H,, Zhu, Y., Zhao, C., Wang, S., Zheng, Y., et al. (2022a). Injectable self-
healing hydrogel with siRNA delivery property for sustained STING silencing and
enhanced therapy of intervertebral disc degeneration. Bioact. Mater. 9, 29-43.
doi: 10.1016/j.bioactmat.2021.08.003

frontiersin.org


https://doi.org/10.3390/cells9071743
https://doi.org/10.1016/j.matbio.2009.06.004
https://doi.org/10.3390/medicina59040640
https://doi.org/10.1007/s00586-013-2675-y
https://doi.org/10.1016/j.spinee.2020.10.004
https://doi.org/10.1016/j.spinee.2020.10.004
https://doi.org/10.1172/jci118884
https://doi.org/10.1002/adhm.201901186
https://doi.org/10.1038/nrd3531
https://doi.org/10.3390/ijms23137306
https://doi.org/10.1038/s41584-020-00568-w
https://doi.org/10.1136/bmj.l5654
https://doi.org/10.2146/ajhp120568
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.26355/eurrev_202006_21482
https://doi.org/10.26355/eurrev_202006_21482
https://doi.org/10.3892/ijo.2016.3559
https://doi.org/10.3390/ijms21103601
https://doi.org/10.1021/acsnano.1c07649
https://doi.org/10.1038/s12276-022-00753-9
https://doi.org/10.1016/j.bcp.2023.115865
https://doi.org/10.1038/s41419-017-0085-5
https://doi.org/10.1002/advs.202206306
https://doi.org/10.1016/j.bioactmat.2021.08.003
https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.

Cheng, H., Guo, Q., Zhao, H,, Liu, K., Kang, H., Gao, F,, et al. (2022). An injectable
hydrogel scaffold loaded with dual-drug/sustained-release PLGA microspheres for the
regulation of macrophage polarization in the treatment of intervertebral disc
degeneration. Int. . Mol. Sci. 24 (1), 390. doi: 10.3390/ijms24010390

Cheng, J., Santiago, K. A., Nguyen, J. T., Solomon, J. L., and Lutz, G. E. (2019).
Treatment of symptomatic degenerative intervertebral discs with autologous platelet-
rich plasma: follow-up at 5-9 years. Regener. Med. 14 (9), 831-840. doi: 10.2217/rme-
2019-0040

Chou, R, Loeser, J. D., Owens, D. K., Rosenquist, R. W., Atlas, S. ]., Baisden, J., et al.
(2009). Interventional therapies, surgery, and interdisciplinary rehabilitation for low
back pain: an evidence-based clinical practice guideline from the American Pain
Society. Spine (Phila Pa 1976) 34 (10), 1066-1077. doi: 10.1097/BRS.0b013e3181a1390d

Chu, G., Shi, C., Wang, H., Zhang, W., Yang, H., and Li, B. (2018). Strategies for
annulus fibrosus regeneration: from biological therapies to tissue engineering. Front.
Bioeng Biotechnol. 6. doi: 10.3389/fbioe.2018.00090

Clavo, B., Robaina, F., Urrutia, G., Bisshopp, S., Ramallo, Y., Szolna, A., et al. (2021).
Ozone therapy versus surgery for lumbar disc herniation: A randomized double-blind
controlled trial. Complement Ther. Med. 59, 102724. doi: 10.1016/j.ctim.2021.102724

Clouet, J., Fusellier, M., Camus, A., Le Visage, C., and Guicheux, J. (2019).
Intervertebral disc regeneration: From cell therapy to the development of novel
bioinspired endogenous repair strategies. Adv. Drug Delivery Rev. 146, 306-324.
doi: 10.1016/j.addr.2018.04.017

Clouet, J., Vinatier, C., Merceron, C., Pot-Vaucel, M., Hamel, O., Weiss, P., et al.
(2009). The intervertebral disc: from pathophysiology to tissue engineering. Joint Bone
Spine 76 (6), 614-618. doi: 10.1016/j.jbspin.2009.07.002

Conley, B. M., Yang, L., Bhujel, B, Luo, J., Han, I, and Lee, K. B. (2023).
Development of a nanohybrid peptide hydrogel for enhanced intervertebral disc
repair and regeneration. ACS Nano 17 (4), 3750-3764. doi: 10.1021/acsnano.2c11441

Dai, Z., Xia, C,, Zhao, T., Wang, H,, Tian, H, Xu, O, et al. (2023). Platelet-derived
extracellular vesicles ameliorate intervertebral disc degeneration by alleviating mitochondrial
dysfunction. Mater Today Bio 18, 100512. doi: 10.1016/j.mtbio.2022.100512

Davalli, P., Mitic, T., Caporali, A., Lauriola, A., and D’Arca, D. (2016). ROS, cell
senescence, and novel molecular mechanisms in aging and age-related diseases. Oxid.
Med. Cell Longev. 2016, 3565127. doi: 10.1155/2016/3565127

DiStefano, T. J., Vaso, K., Danias, G., Chionuma, H. N., Weiser, J. R., and Iatridis, J.
C. (2022). Extracellular vesicles as an emerging treatment option for intervertebral disc
degeneration: therapeutic potential, translational pathways, and regulatory
considerations. Adv. Healthc. Mater. 11 (5), €2100596. doi: 10.1002/adhm.202100596

Dong, W,, Liu, ], Lv, Y., Wang, F., Liu, T, Sun, S., et al. (2019). miR-640 aggravates
intervertebral disc degeneration via NF-xB and WNT signalling pathway. Cell Prolif. 52
(5), e12664. doi: 10.1111/cpr.12664

Duan, Y, Yu, C, Kuang, W, Li, ., Qiu, S., Ni, S,, et al. (2023). Mesenchymal stem cell
exosomes inhibit nucleus pulposus cell apoptosis via the miR-125b-5p/TRAF6/NF-xB
pathway axis. Acta Biochim. Biophys. Sin. (Shanghai) 55 (12), 1938-1949. doi: 10.3724/
abbs.2023241

Ebata, T., Terkawi, M. A., Kitahara, K., Yokota, S., Shiota, J., Nishida, Y., et al. (2023).
Noncanonical pyroptosis triggered by macrophage-derived extracellular vesicles in
chondrocytes leading to cartilage catabolism in osteoarthritis. Arthritis Rheumatol. 75
(8), 1358-1369. doi: 10.1002/art.42505

Ercalik, T., and Kilic, M. (2020). Efficacy of intradiscal ozone therapy with or without
periforaminal steroid injection on lumbar disc herniation: A double-blinded controlled
study. Pain Physician 23 (5), 477-484. doi: 10.36076/ppj.2020/23/477

Fontana, G., See, E.,, and Pandit, A. (2015). Current trends in biologics delivery to
restore intervertebral disc anabolism. Adv. Drug Delivery Rev. 84, 146-158.
doi: 10.1016/j.addr.2014.08.008

Francisco, V., Pino, J., Gonzalez-Gay, M., Lago, F., Karppinen, J., Tervonen, O., et al.
(2022). A new immunometabolic perspective of intervertebral disc degeneration. Nat.
Rev. Rheumatol 18 (1), 47-60. doi: 10.1038/s41584-021-00713-z

Freburger, J. K., Holmes, G. M., Agans, R. P., Jackman, A. M., Darter, J. D., Wallace,
A. S, et al. (2009). The rising prevalence of chronic low back pain. Arch. Intern. Med.
169 (3), 251-258. doi: 10.1001/archinternmed.2008.543

Friedmann, A., Baertel, A., Schmitt, C., Ludtka, C., Milosevic, J., Meisel, H. J., et al.
(2021). Intervertebral disc regeneration injection of a cell-loaded collagen hydrogel in a
sheep model. Int. J. Mol. Sci. 22 (8), 4248. doi: 10.3390/ijms22084248

Gantenbein, B., Sun, Z., Liu, Z., and Samartzis, D. (2023). Editorial: Immunological
imbalance: What is its role in intervertebral disc degeneration? Front. Cell Dev. Biol. 11.
doi: 10.3389/fcell.2023.1196377

Gao, C., Ning, B., Sang, C., and Zhang, Y. (2018). Rapamycin prevents the
intervertebral disc degeneration via inhibiting differentiation and senescence of
annulus fibrosus cells. Aging 10 (1), 131-143. doi: 10.18632/aging.101364

Gao, J., Feng, Z., Wang, X, Zeng, M., Liu, J., Han, S,, et al. (2018). SIRT3/SOD2
maintains osteoblast differentiation and bone formation by regulating mitochondrial
stress. Cell Death Differ. 25 (2), 229-240. doi: 10.1038/cdd.2017.144

Guo, T., Zhang, X,, Hu, Y., Lin, M., Zhang, R., Chen, X,, et al. (2022). New hope for
treating intervertebral disc degeneration: microsphere-based delivery system. Front.
Bioeng Biotechnol. 10. doi: 10.3389/fbioe.2022.933901

Gupta, R. C,, Lall, R, Srivastava, A., and Sinha, A. (2019). Hyaluronic acid: molecular
mechanisms and therapeutic trajectory. Front. Vet. Sci. 6. doi: 10.3389/fvets.2019.00192

Frontiers in Cellular and Infection Microbiology

17

10.3389/fcimb.2024.1303645

Halling, J. F., and Pilegaard, H. (2020). PGC-lo-mediated regulation of
mitochondrial function and physiological implications. Appl. Physiol. Nutr. Metab.
45 (9), 927-936. doi: 10.1139/apnm-2020-0005

Han, F.,, Yu, Q. Chu, G, Li, J., Zhu, Z, Tu, Z., et al. (2022). Multifunctional
nanofibrous scaffolds with angle-ply microstructure and co-delivery capacity promote
partial repair and total replacement of intervertebral disc. Adv. Healthc. Mater. 11 (19),
€2200895. doi: 10.1002/adhm.202200895

Hao, Y., Ren, Z, Yu, L, Zhu, G., Zhang, P., Zhu, J., et al. (2022). p300 arrests
intervertebral disc degeneration by regulating the FOXO3/Sirt1/Wnt/B-catenin axis.
Aging Cell 21 (8), €13677. doi: 10.1111/acel.13677

Harfe, B. D. (2022). Intervertebral disc repair and regeneration: Insights from the
notochord. Semin. Cell Dev. Biol. 127, 3-9. doi: 10.1016/j.semcdb.2021.11.012

Hartvigsen, J., Hancock, M. J., Kongsted, A., Louw, Q., Ferreira, M. L., Genevay, S.,
et al. (2018). What low back pain is and why we need to pay attention. Lancet 391
(10137), 2356-2367. doi: 10.1016/s0140-6736(18)30480-x

He, D., Zhou, M., Bai, Z., Wen, Y., Shen, J., and Hu, Z. (2020). Propionibacterium
acnes induces intervertebral disc degeneration by promoting nucleus pulposus cell
pyroptosis via NLRP3-dependent pathway. Biochem. Biophys. Res. Commun. 526 (3),
772-779. doi: 10.1016/j.bbrc.2020.03.161

Henry, N,, Clouet, J., Le Bideau, J., Le Visage, C., and Guicheux, J. (2018). Innovative
strategies for intervertebral disc regenerative medicine: From cell therapies to
multiscale delivery systems. Biotechnol. Adv. 36 (1), 281-294. doi: 10.1016/
j.bioteChadv.2017.11.009

Hodges, N. A, Sussman, E. M., and Stegemann, J. P. (2021). Aseptic and septic prosthetic
joint loosening: Impact of biomaterial wear on immune cell function, inflammation, and
infection. Biomaterials 278, 121127. doi: 10.1016/j.biomaterials.2021.121127

Hojjat-Farsangi, M. (2014). Small-molecule inhibitors of the receptor tyrosine
kinases: promising tools for targeted cancer therapies. Int. J. Mol. Sci. 15 (8), 13768—
13801. doi: 10.3390/ijms150813768

Hou, Y., Shi, J., Guo, Y., and Shi, G. (2023). DNMT1 regulates polarization of
macrophage-induced intervertebral disc degeneration by modulating SIRT6 expression
and promoting pyroptosis in vivo. Aging (Albany NY) 15 (10), 4288-4303.
doi: 10.18632/aging.204729

Hu, H., Wang, Z.,, Yang, H, Bai, Y., Zhu, R, and Cheng, L. (2023). Hypoxic
preconditional engineering small extracellular vesicles promoted intervertebral disc
regeneration by activating mir-7-5p/NF-Kb/Cxcl2 axis. Adv. Sci. (Weinh) 10 (35),
€2304722. doi: 10.1002/advs.202304722

Huang, L., Wang, W, Xian, Y., Liu, L., Fan, J., Liu, H,, et al. (2023). Rapidly in situ
forming an injectable Chitosan/PEG hydrogel for intervertebral disc repair. Mater
Today Bio 22, 100752. doi: 10.1016/j.mtbio.2023.100752

Isa, I. L., Srivastava, A., Tiernan, D., Owens, P., Rooney, P., Dockery, P., et al. (2015).
Hyaluronic acid based hydrogels attenuate inflammatory receptors and neurotrophins
in interleukin-1p Induced inflammation model of nucleus pulposus cells.
Biomacromolecules 16 (6), 1714-1725. doi: 10.1021/acs.biomac.5b00168

Jahanbekam, S., Mozafari, N., Bagheri-Alamooti, A., Mohammadi-Samani, S.,
Daneshamouz, S., Heidari, R, et al. (2023). Ultrasound-responsive hyaluronic acid
hydrogel of hydrocortisone to treat osteoarthritis. Int. J. Biol. Macromol 240, 124449.
doi: 10.1016/j.ijbiomac.2023.124449

Jeppesen, D. K., Zhang, Q., Franklin, J. L., and Coffey, R. J. (2023). Extracellular
vesicles and nanoparticles: emerging complexities. Trends Cell Biol. 33 (8), 667-681.
doi: 10.1016/j.tcb.2023.01.002

Ji, M. L, Jiang, H., Zhang, X. J,, Shi, P. L., Li, C., Wu, H,, et al. (2018). Preclinical
development of a microRNA-based therapy for intervertebral disc degeneration. Nat.
Commun. 9 (1), 5051. doi: 10.1038/s41467-018-07360-1

Jiang, H., Moro, A., Wang, ]., Meng, D., Zhan, X., and Wei, Q. (2021). MicroRNA-
338-3p as a novel therapeutic target for intervertebral disc degeneration. Exp. Mol. Med.
53 (9), 1356-1365. doi: 10.1038/s12276-021-00662-3

Kamali, A., Ziadlou, R,, Lang, G., Pfannkuche, J., Cui, S., Li, Z., et al. (2021). Small
molecule-based treatment approaches for intervertebral disc degeneration: Current
options and future directions. Theranostics 11 (1), 27-47. doi: 10.7150/thno.48987

Kang, L., Zhang, H., Jia, C., Zhang, R, and Shen, C. (2023). Epigenetic modifications
of inflammation in intervertebral disc degeneration. Ageing Res. Rev. 87, 101902.
doi: 10.1016/j.arr.2023.101902

Katz, J. N. (2006). Lumbar disc disorders and low-back pain: socioeconomic factors
and consequences. J. Bone Joint Surg. Am. 88 Suppl 2, 21-24. doi: 10.2106/jbjs.E.01273

Kepler, C. K., Ponnappan, R. K., Tannoury, C. A,, Risbud, M. V., and Anderson, D.
G. (2013). The molecular basis of intervertebral disc degeneration. Spine J. 13 (3), 318-
330. doi: 10.1016/j.spinee.2012.12.003

Knezevic, N. N,, Candido, K. D., Vlaeyen, J. W. S., Van Zundert, J., and Cohen, S. P.
(2021). Low back pain. Lancet 398 (10294), 78-92. doi: 10.1016/s0140-6736(21)
00733-9

Kraus, P., and Lufkin, T. (2017). Implications for a stem cell regenerative medicine

based approach to human intervertebral disk degeneration. Front. Cell Dev. Biol. 5.
doi: 10.3389/fcell.2017.00017

Kraus, P., Yerden, R, Kocsis, V., and Lufkin, T. (2017). RNA in situ hybridization
characterization of non-enzymatic derived bovine intervertebral disc cell lineages
suggests progenitor cell potential. Acta Histochem. 119 (2), 150-160. doi: 10.1016/
j.acthis.2016.12.004

frontiersin.org


https://doi.org/10.3390/ijms24010390
https://doi.org/10.2217/rme-2019-0040
https://doi.org/10.2217/rme-2019-0040
https://doi.org/10.1097/BRS.0b013e3181a1390d
https://doi.org/10.3389/fbioe.2018.00090
https://doi.org/10.1016/j.ctim.2021.102724
https://doi.org/10.1016/j.addr.2018.04.017
https://doi.org/10.1016/j.jbspin.2009.07.002
https://doi.org/10.1021/acsnano.2c11441
https://doi.org/10.1016/j.mtbio.2022.100512
https://doi.org/10.1155/2016/3565127
https://doi.org/10.1002/adhm.202100596
https://doi.org/10.1111/cpr.12664
https://doi.org/10.3724/abbs.2023241
https://doi.org/10.3724/abbs.2023241
https://doi.org/10.1002/art.42505
https://doi.org/10.36076/ppj.2020/23/477
https://doi.org/10.1016/j.addr.2014.08.008
https://doi.org/10.1038/s41584-021-00713-z
https://doi.org/10.1001/archinternmed.2008.543
https://doi.org/10.3390/ijms22084248
https://doi.org/10.3389/fcell.2023.1196377
https://doi.org/10.18632/aging.101364
https://doi.org/10.1038/cdd.2017.144
https://doi.org/10.3389/fbioe.2022.933901
https://doi.org/10.3389/fvets.2019.00192
https://doi.org/10.1139/apnm-2020-0005
https://doi.org/10.1002/adhm.202200895
https://doi.org/10.1111/acel.13677
https://doi.org/10.1016/j.semcdb.2021.11.012
https://doi.org/10.1016/s0140-6736(18)30480-x
https://doi.org/10.1016/j.bbrc.2020.03.161
https://doi.org/10.1016/j.bioteChadv.2017.11.009
https://doi.org/10.1016/j.bioteChadv.2017.11.009
https://doi.org/10.1016/j.biomaterials.2021.121127
https://doi.org/10.3390/ijms150813768
https://doi.org/10.18632/aging.204729
https://doi.org/10.1002/advs.202304722
https://doi.org/10.1016/j.mtbio.2023.100752
https://doi.org/10.1021/acs.biomac.5b00168
https://doi.org/10.1016/j.ijbiomac.2023.124449
https://doi.org/10.1016/j.tcb.2023.01.002
https://doi.org/10.1038/s41467-018-07360-1
https://doi.org/10.1038/s12276-021-00662-3
https://doi.org/10.7150/thno.48987
https://doi.org/10.1016/j.arr.2023.101902
https://doi.org/10.2106/jbjs.E.01273
https://doi.org/10.1016/j.spinee.2012.12.003
https://doi.org/10.1016/s0140-6736(21)00733-9
https://doi.org/10.1016/s0140-6736(21)00733-9
https://doi.org/10.3389/fcell.2017.00017
https://doi.org/10.1016/j.acthis.2016.12.004
https://doi.org/10.1016/j.acthis.2016.12.004
https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.

Kushchayev, S. V., Glushko, T., Jarraya, M., Schuleri, K. H., Preul, M. C.,, Brooks, M.
L., et al. (2018). ABCs of the degenerative spine. Insights Imaging 9 (2), 253-274.
doi: 10.1007/s13244-017-0584-z

Lazarus, E., Bermudez-Lekerika, P., Farchione, D., Schofield, T., Howard, S.,
Mambetkadyrov, I, et al. (2021). Sulfated hydrogels in intervertebral disc and
cartilage research. Cells 10 (12), 3568. doi: 10.3390/cells10123568

Lee, D. H,, Park, K. S, Shin, H. E., Kim, S. B., Choi, H., An, S. B,, et al. (2023). Safety
and feasibility of intradiscal administration of matrilin-3-primed adipose-derived
mesenchymal stromal cell spheroids for chronic discogenic low back pain: phase 1
clinical trial. Int. J. Mol. Sci. 24 (23), 16827. doi: 10.3390/ijms242316827

Li, Z., Gehlen, Y., Heizmann, F., Grad, S., Alini, M., Richards, R. G., et al. (2020).
Preclinical ex-vivo testing of anti-inflammatory drugs in a bovine intervertebral
degenerative disc model. Front. Bioeng Biotechnol. 8. doi: 10.3389/fbioe.2020.00583

Li, H, Liang, C., Chen, Q., and Yang, Z. (2011). Rhein: a potential biological
therapeutic drug for intervertebral disc degeneration. Med. Hypotheses 77 (6), 1105—
1107. doi: 10.1016/j.mehy.2011.09.013

Li, K, Yan, G.,, Huang, H., Zheng, M., Ma, K., Cui, X,, et al. (2022). Anti-
inflammatory and immunomodulatory effects of the extracellular vesicles derived
from human umbilical cord mesenchymal stem cells on osteoarthritis via M2
macrophages. J. Nanobiotechnology 20 (1), 38. doi: 10.1186/s12951-021-01236-1

Li, Z., Yang, H.,, Hai, Y., and Cheng, Y. (2023b). Regulatory effect of inflammatory
mediators in intervertebral disc degeneration. Mediators Inflammation 2023, 6210885.
doi: 10.1155/2023/6210885

Li, Y., Zhang, H., Zhu, D., Yang, F., Wang, Z., Wei, Z,, et al. (2023a). Notochordal
cells: A potential therapeutic option for intervertebral disc degeneration. Cell Prolif.
el3541. doi: 10.1111/cpr.13541

Liao, Z., Liu, H., Ma, L., Lei, J., Tong, B., Li, G., et al. (2021). Engineering extracellular
vesicles restore the impaired cellular uptake and attenuate intervertebral disc
degeneration. ACS Nano 15 (9), 14709-14724. doi: 10.1021/acsnano.1c04514

Liao, Z., Luo, R,, Li, G, Song, Y., Zhan, S., Zhao, K,, et al. (2019). Exosomes from
mesenchymal stem cells modulate endoplasmic reticulum stress to protect against
nucleus pulposus cell death and ameliorate intervertebral disc degeneration in vivo.
Theranostics 9 (14), 4084-4100. doi: 10.7150/thno.33638

Lin, J,, Chen, J., Zhang, Z., Xu, T., Shao, Z., Wang, X,, et al. (2019). Luteoloside
inhibits IL-1B-induced apoptosis and catabolism in nucleus pulposus cells and
ameliorates intervertebral disk degeneration. Front. Pharmacol. 10, 868. doi: 10.3389/
fphar.2019.00868

Lin, S. S., Ueng, S. W. N,, Chong, K. Y, Chan, Y. S, Tsai, T. T., Yuan, L. ], et al.
(2023). Effects of hyperbaric oxygen intervention on the degenerated intervertebral
disc: from molecular mechanisms to animal models. Cells 12 (16). doi: 10.3390/
cells12162111

Liu, G, Chen, H,, Liu, H., Zhang, W, and Zhou, J. (2021). Emerging roles of SIRT6 in
human diseases and its modulators. Med. Res. Rev. 41 (2), 1089-1137. doi: 10.1002/med.21753

Liu, C,, Fan, L., Guan, M., Zheng, Q,, Jin, J., Kang, X, et al. (2023a). A redox
homeostasis modulatory hydrogel with GLRX3(+) extracellular vesicles attenuates disc
degeneration by suppressing nucleus pulposus cell senescence. ACS Nano 17 (14),
13441-13460. doi: 10.1021/acsnano.3c01713

Liu, H., Kang, H., Song, C., Lei, Z., Li, L., Guo, J,, et al. (2018). Urolithin A inhibits the
catabolic effect of TNFa. on nucleus pulposus cell and alleviates intervertebral disc
degeneration in vivo. Front. Pharmacol. 9. doi: 10.3389/fphar.2018.01043

Liu, W., Ma, Z., Wang, Y., and Yang, J. (2023b). Multiple nano-drug delivery systems
for intervertebral disc degeneration: Current status and future perspectives. Bioact.
Mater. 23, 274-299. doi: 10.1016/j.bioactmat.2022.11.006

Liu, Z., Zhuang, Y., Fang, L., Yuan, C., Wang, X,, and Lin, K. (2023¢). Breakthrough
of extracellular vesicles in pathogenesis, diagnosis and treatment of osteoarthritis.
Bioact. Mater. 22, 423-452. doi: 10.1016/j.bioactmat.2022.10.012

Lu, L, Hu, ], Wu, Q,, An, Y., Cui, W., Wang, J., et al. (2019). Berberine prevents
human nucleus pulposus cells from IL-1B-induced extracellular matrix degradation
and apoptosis by inhibiting the NF-xB pathway. Int. J. Mol. Med. 43 (4), 1679-1686.
doi: 10.3892/ijmm.2019.4105

Lufkin, L., Samanta, A., Baker, D., Lufkin, S., Schulze, J., Ellis, B., et al. (2022). Glis1
and oxaloacetate in nucleus pulposus stromal cell somatic reprogramming and survival.
Front. Mol. Biosci. 9. doi: 10.3389/fmolb.2022.1009402

Luo, J., Darai, A., Pongkulapa, T., Conley, B., Yang, L., Han, L, et al. (2023). Injectable
bioorthogonal hydrogel (BIOGEL) accelerates tissue regeneration in degenerated
intervertebral discs. Bioact. Mater. 23, 551-562. doi: 10.1016/j.bioactmat.2022.11.017

Luo, X,, Pietrobon, R,, Sun, S. X, Liu, G. G., and Hey, L. (2004). Estimates and patterns
of direct health care expenditures among individuals with back pain in the United States.
Spine (Phila Pa 1976) 29 (1), 79-86. doi: 10.1097/01.Brs.0000105527.13866.0f

Lv, B,, Gan, W., Cheng, Z., Wu, J., Chen, Y., Zhao, K, et al. (2022). Current insights
into the maintenance of structure and function of intervertebral disc: A review of the
regulatory role of growth and differentiation factor-5. Front. Pharmacol. 13.
doi: 10.3389/fphar.2022.842525

Ma, Z., Tang, P., Dong, W, Lu, Y., Tan, B., Zhou, N,, et al. (2022). SIRT1 alleviates
IL-1P induced nucleus pulposus cells pyroptosis via mitophagy in intervertebral disc
degeneration. Int. Immunopharmacol. 107, 108671. doi: 10.1016/j.intimp.2022.108671

Maher, C., Underwood, M., and Buchbinder, R. (2017). Non-specific low back pain.
Lancet 389 (10070), 736-747. doi: 10.1016/s0140-6736(16)30970-9

Frontiers in Cellular and Infection Microbiology

18

10.3389/fcimb.2024.1303645

Martin, A. S., Abraham, D. M., Hershberger, K. A., Bhatt, D. P., Mao, L., Cui, H,, et al.
(2017). Nicotinamide mononucleotide requires SIRT3 to improve cardiac function and
bioenergetics in a Friedreich’s ataxia cardiomyopathy model. JCI Insight 2 (14), €93885.
doi: 10.1172/jci.insight.93885

Mazza, E., Marcia, S., Mondaini, F., Piras, E., Giordan, N., Torri, T., et al. (2020).
Efficacy and safety of a novel hydrogel (HYADD4-G) in degenerative disc disease
patients: a multicentric open label study. Eur. Rev. Med. Pharmacol. Sci. 24 (5), 2692—
2703. doi: 10.26355/eurrev_202003_20539

Mendes, K. L., Lelis, D. F., and Santos, S. H. S. (2017). Nuclear sirtuins and
inflammatory signaling pathways. Cytokine Growth Factor Rev. 38, 98-105.
doi: 10.1016/j.cytogfr.2017.11.001

Miyazaki, S., Kakutani, K., Yurube, T., Maeno, K., Takada, T., Zhang, Z., et al.
(2015). Recombinant human SIRT1 protects against nutrient deprivation-induced
mitochondrial apoptosis through autophagy induction in human intervertebral
disc nucleus pulposus cells. Arthritis Res. Ther. 17 (1), 253. doi: 10.1186/s13075-015-
0763-6

Mohd Isa, I. L., Abbah, S. A., Kilcoyne, M., Sakai, D., Dockery, P., Finn, D. P., et al.
(2018). Implantation of hyaluronic acid hydrogel prevents the pain phenotype in a rat
model of intervertebral disc injury. Sci. Adv. 4 (4), eaaq0597. doi: 10.1126/
sciadv.aaq0597

Mohd Isa, I. L., Teoh, S. L., Mohd Nor, N. H., and Mokhtar, S. A. (2022). Discogenic
low back pain: anatomy, pathophysiology and treatments of intervertebral disc
degeneration. Int. J. Mol. Sci. 24 (1). doi: 10.3390/ijms24010208

Molinos, M., Almeida, C. R., Caldeira, J., Cunha, C., Gongalves, R. M., and Barbosa,
M. A. (2015). Inflammation in intervertebral disc degeneration and regeneration. J. R
Soc. Interface 12 (104), 20141191. doi: 10.1098/rsif.2014.1191

Mossmann, D., Park, S., and Hall, M. N. (2018). mTOR signalling and cellular
metabolism are mutual determinants in cancer. Nat. Rev. Cancer 18 (12), 744-757.
doi: 10.1038/s41568-018-0074-8

Nixon, J. (1986). Intervertebral disc mechanics: a review. J. R Soc. Med. 79 (2), 100~
104. doi: 10.1177/014107688607900211

Noriega, D. C., Ardura, F., Hernandez-Ramajo, R., Martin-Ferrero, M., Sanchez-Lite,
I, Toribio, B., et al. (2021). Treatment of degenerative disc disease with allogeneic
mesenchymal stem cells: long-term follow-up results. Transplantation 105 (2), e25—
€27. doi: 10.1097/tp.0000000000003471

Novais, E. J., Tran, V. A,, Johnston, S. N., Darris, K. R, Roupas, A. ]., Sessions, G. A.,
et al. (2021). Long-term treatment with senolytic drugs Dasatinib and Quercetin
ameliorates age-dependent intervertebral disc degeneration in mice. Nat. Commun. 12
(1), 5213. doi: 10.1038/s41467-021-25453-2

Pan, Z., Sun, H., Xie, B, Xia, D., Zhang, X., Yu, D,, et al. (2018). Therapeutic effects of
gefitinib-encapsulated thermosensitive injectable hydrogel in intervertebral disc
degeneration. Biomaterials 160, 56-68. doi: 10.1016/j.biomaterials.2018.01.016

Panebianco, C. J., Meyers, J. H., Gansau, J., Hom, W. W, and Iatridis, J. C. (2020).
Balancing biological and biomechanical performance in intervertebral disc repair: a
systematic review of injectable cell delivery biomaterials. Eur. Cell Mater. 40, 239-258.
doi: 10.22203/eCM.v040al15

Panebianco, C.J., Rao, S., Hom, W. W., Meyers, J. H,, Lim, T. Y., Laudier, D. M,, et al.
(2022). Genipin-crosslinked fibrin seeded with oxidized alginate microbeads as a novel
composite biomaterial strategy for intervertebral disc cell therapy. Biomaterials 287,
121641. doi: 10.1016/j.biomaterials.2022.121641

Pattappa, G., Li, Z,, Peroglio, M., Wismer, N., Alini, M., and Grad, S. (2012).
Diversity of intervertebral disc cells: phenotype and function. J. Anat. 221 (6), 480-496.
doi: 10.1111/j.1469-7580.2012.01521.x

Peng, Y., Chen, X,, Rao, Z., Wu, W., Zuo, H., Chen, K,, et al. (2023). Multifunctional
annulus fibrosus matrix prevents disc-related pain via inhibiting neuroinflammation
and sensitization. Acta Biomater. 170, 288-302. doi: 10.1016/j.actbio.2023.08.028

Quero, L., Klawitter, M., Schmaus, A., Rothley, M., Sleeman, J., Tiaden, A. N., et al.
(2013). Hyaluronic acid fragments enhance the inflammatory and catabolic response in
human intervertebral disc cells through modulation of toll-like receptor 2 signalling
pathways. Arthritis Res. Ther. 15 (4), R94. doi: 10.1186/ar4274

Risbud, M. V., and Shapiro, I. M. (2014). Role of cytokines in intervertebral disc
degeneration: pain and disc content. Nat. Rev. Rheumatol. 10 (1), 44-56. doi: 10.1038/
nrrheum.2013.160

Roughley, P. J. (2004). Biology of intervertebral disc aging and degeneration:
involvement of the extracellular matrix. Spine (Phila Pa 1976) 29 (23), 2691-2699.
doi: 10.1097/01.brs.0000146101.53784.b1

Russo, F., Ambrosio, L., Giannarelli, E., Vorini, F., Mallio, C. A., Quattrocchi, C. C.,
et al. (2023). Innovative quantitative magnetic resonance tools to detect early
intervertebral disc degeneration changes: a systematic review. Spine J. 23 (10), 1435—
1450. doi: 10.1016/j.spinee.2023.05.011

Sakai, D., and Grad, S. (2015). Advancing the cellular and molecular therapy for
intervertebral disc disease. Adv. Drug Delivery Rev. 84, 159-171. doi: 10.1016/
j.addr.2014.06.009

Sandborn, W. J. (2015). New targets for small molecules in inflammatory bowel
disease. Gastroenterol. Hepatol. (N Y) 11 (5), 338-340.

Shaffer, W. O., Baisden, J. L., Fernand, R., and Matz, P. G. (2013). An evidence-based
clinical guideline for antibiotic prophylaxis in spine surgery. Spine J. 13 (10), 1387-
1392. doi: 10.1016/j.spinee.2013.06.030

frontiersin.org


https://doi.org/10.1007/s13244-017-0584-z
https://doi.org/10.3390/cells10123568
https://doi.org/10.3390/ijms242316827
https://doi.org/10.3389/fbioe.2020.00583
https://doi.org/10.1016/j.mehy.2011.09.013
https://doi.org/10.1186/s12951-021-01236-1
https://doi.org/10.1155/2023/6210885
https://doi.org/10.1111/cpr.13541
https://doi.org/10.1021/acsnano.1c04514
https://doi.org/10.7150/thno.33638
https://doi.org/10.3389/fphar.2019.00868
https://doi.org/10.3389/fphar.2019.00868
https://doi.org/10.3390/cells12162111
https://doi.org/10.3390/cells12162111
https://doi.org/10.1002/med.21753
https://doi.org/10.1021/acsnano.3c01713
https://doi.org/10.3389/fphar.2018.01043
https://doi.org/10.1016/j.bioactmat.2022.11.006
https://doi.org/10.1016/j.bioactmat.2022.10.012
https://doi.org/10.3892/ijmm.2019.4105
https://doi.org/10.3389/fmolb.2022.1009402
https://doi.org/10.1016/j.bioactmat.2022.11.017
https://doi.org/10.1097/01.Brs.0000105527.13866.0f
https://doi.org/10.3389/fphar.2022.842525
https://doi.org/10.1016/j.intimp.2022.108671
https://doi.org/10.1016/s0140-6736(16)30970-9
https://doi.org/10.1172/jci.insight.93885
https://doi.org/10.26355/eurrev_202003_20539
https://doi.org/10.1016/j.cytogfr.2017.11.001
https://doi.org/10.1186/s13075-015-0763-6
https://doi.org/10.1186/s13075-015-0763-6
https://doi.org/10.1126/sciadv.aaq0597
https://doi.org/10.1126/sciadv.aaq0597
https://doi.org/10.3390/ijms24010208
https://doi.org/10.1098/rsif.2014.1191
https://doi.org/10.1038/s41568-018-0074-8
https://doi.org/10.1177/014107688607900211
https://doi.org/10.1097/tp.0000000000003471
https://doi.org/10.1038/s41467-021-25453-2
https://doi.org/10.1016/j.biomaterials.2018.01.016
https://doi.org/10.22203/eCM.v040a15
https://doi.org/10.1016/j.biomaterials.2022.121641
https://doi.org/10.1111/j.1469-7580.2012.01521.x
https://doi.org/10.1016/j.actbio.2023.08.028
https://doi.org/10.1186/ar4274
https://doi.org/10.1038/nrrheum.2013.160
https://doi.org/10.1038/nrrheum.2013.160
https://doi.org/10.1097/01.brs.0000146101.53784.b1
https://doi.org/10.1016/j.spinee.2023.05.011
https://doi.org/10.1016/j.addr.2014.06.009
https://doi.org/10.1016/j.addr.2014.06.009
https://doi.org/10.1016/j.spinee.2013.06.030
https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.

Silagi, E. S., Shapiro, I. M., and Risbud, M. V. (2018). Glycosaminoglycan synthesis in
the nucleus pulposus: Dysregulation and the pathogenesis of disc degeneration. Matrix
Biol. 71-72, 368-379. doi: 10.1016/j.matbio.2018.02.025

Somma, F., Negro, A., D’Agostino, V., Piscitelli, V., Pace, G., Tortora, M., et al.
(2022). COVID-19 and low back pain: previous infections lengthen recovery time after
intradiscal ozone therapy in patients with herniated lumbar disc. Radiol. Med. 127 (6),
673-680. doi: 10.1007/s11547-022-01500-w

Song, Y., Li, S., Geng, W., Luo, R, Liu, W., Tu, J., et al. (2018). Sirtuin 3-dependent
mitochondrial redox homeostasis protects against AGEs-induced intervertebral disc
degeneration. Redox Biol. 19, 339-353. doi: 10.1016/j.redox.2018.09.006

Stirling, A., Worthington, T., Rafig, M., Lambert, P. A., and Elliott, T. S. (2001).
Association between sciatica and Propionibacterium acnes. Lancet 357 (9273), 2024-
2025. doi: 10.1016/s0140-6736(00)05109-6

Stokes, 1. A., and Iatridis, J. C. (2004). Mechanical conditions that accelerate
intervertebral disc degeneration: overload versus immobilization. Spine (Phila Pa
1976) 29 (23), 2724-2732. doi: 10.1097/01.brs.0000146049.52152.da

Sun, K,, Jiang, J., Wang, Y., Sun, X,, Zhu, J., Xu, X,, et al. (2022). The role of nerve
fibers and their neurotransmitters in regulating intervertebral disc degeneration. Ageing
Res. Rev. 81, 101733. doi: 10.1016/j.arr.2022.101733

Takahashi, K., Goomer, R. S., Harwood, F., Kubo, T., Hirasawa, Y., and Amiel, D.
(1999). The effects of hyaluronan on matrix metalloproteinase-3 (MMP-3), interleukin-
1beta(IL-1beta), and tissue inhibitor of metalloproteinase-1 (TIMP-1) gene expression
during the development of osteoarthritis. Osteoarthritis Cartilage 7 (2), 182-190.
doi: 10.1053/joca.1998.0207

Tang, G., Zhou, B., Li, F.,, Wang, W., Liu, Y., Wang, X,, et al. (2020). Advances of
naturally derived and synthetic hydrogels for intervertebral disk regeneration. Front.
Bioeng Biotechnol. 8. doi: 10.3389/fbioe.2020.00745

Tao, S., Shen, Z., Chen, J., Shan, Z., Huang, B, Zhang, X,, et al. (2022). Red light-
mediated photoredox catalysis triggers nitric oxide release for treatment of
cutibacterium acne induced intervertebral disc degeneration. ACS Nano 16 (12),
20376-20388. doi: 10.1021/acsnano.2c06328

Tellegen, A. R., Rudnik-Jansen, I., Beukers, M., Miranda-Bedate, A., Bach, F. C.,, de
Jong, W, et al. (2018). Intradiscal delivery of celecoxib-loaded microspheres restores
intervertebral disc integrity in a preclinical canine model. J. Control Release 286, 439~
450. doi: 10.1016/j.jconrel.2018.08.019

Teng, Y., Huang, Y., Yu, H., Wu, C, Yan, Q,, Wang, Y., et al. (2023). Nimbolide
targeting SIRT1 mitigates intervertebral disc degeneration by reprogramming
cholesterol metabolism and inhibiting inflammatory signaling. Acta Pharm. Sin. B 13
(5), 2269-2280. doi: 10.1016/j.apsb.2023.02.018

Trefilova, V. V., Shnayder, N. A., Petrova, M. M., Kaskaeva, D. S., Tutynina, O. V.,
Petrov, K. V,, et al. (2021). The role of polymorphisms in collagen-encoding genes in
intervertebral disc degeneration. Biomolecules 11 (9), 1279. doi: 10.3390/biom11091279

Trout, J. J., Buckwalter, ]. A., Moore, K. C., and Landas, S. K. (1982). Ultrastructure of
the human intervertebral disc. I. Changes in notochordal cells with age. Tissue Cell 14
(2), 359-369. doi: 10.1016/0040-8166(82)90033-7

Urban, J. P., and Roberts, S. (2003). Degeneration of the intervertebral disc. Arthritis
Res. Ther. 5 (3), 120-130. doi: 10.1186/ar629

Urquhart, J. C,, Gurr, K. R,, Siddiqi, F., Rasoulinejad, P., and Bailey, C. S. (2021). The
impact of surgical site infection on patient outcomes after open posterior instrumented
thoracolumbar surgery for degenerative disorders. J. Bone Joint Surg. Am. 103 (22),
2105-2114. doi: 10.2106/jbjs.20.02141

Vadala, G., Ambrosio, L., Russo, F., Papalia, R., and Denaro, V. (2019). Interaction
between mesenchymal stem cells and intervertebral disc microenvironment: from cell
therapy to tissue engineering. Stem Cells Int. 2019, 2376172. doi: 10.1155/2019/2376172

van den Akker, G. G., Surtel, D. A., Cremers, A., Richardson, S. M., Hoyland, J. A.,
van Rhijn, L. W, et al. (2016). Novel immortal cell lines support cellular heterogeneity
in the human annulus fibrosus. PloS One 11 (1), e0144497. doi: 10.1371/
journal.pone.0144497

van Niel, G,, Carter, D. R. F,, Clayton, A., Lambert, D. W., Raposo, G., and Vader, P.
(2022). Challenges and directions in studying cell-cell communication by extracellular
vesicles. Nat. Rev. Mol. Cell Biol. 23 (5), 369-382. doi: 10.1038/s41580-022-00460-3

Wang, Y., Cheng, H., Wang, T., Zhang, K., Zhang, Y., and Kang, X. (2023). Oxidative
stress in intervertebral disc degeneration: Molecular mechanisms, pathogenesis and
treatment. Cell Prolif. 56 (9), e13448. doi: 10.1111/cpr.13448

Wang, J., Huang, L, Huang, Y., Jiang, Y., Zhang, L., Feng, G., et al. (2021).
Therapeutic effect of the injectable thermosensitive hydrogel loaded with SHP099 on
intervertebral disc degeneration. Life Sci. 266, 118891. doi: 10.1016/.1fs.2020.118891

Wang, L., Wang, Y., Shi, L., Liu, P., Kang, J., He, J., et al. (2019a). Can the sheep
model fully represent the human model for the functional evaluation of cervical
interbody fusion cages? Biomech Model. Mechanobiol. 18 (3), 607-616. doi: 10.1007/
510237-018-1104-x

Wang, Y., Yang, J., Hong, T., Chen, X., and Cui, L. (2019b). SIRT2: Controversy and
multiple roles in disease and physiology. Ageing Res. Rev. 55, 100961. doi: 10.1016/
j.arr.2019.100961

Watroba, M., Dudek, 1., Skoda, M., Stangret, A., Rzodkiewicz, P., and Szukiewicz, D.
(2017). Sirtuins, epigenetics and longevity. Ageing Res. Rev. 40, 11-19. doi: 10.1016/
j.arr.2017.08.001

Frontiers in Cellular and Infection Microbiology

19

10.3389/fcimb.2024.1303645

Webster, A. C., Lee, V. W., Chapman, J. R, and Craig, J. C. (2006). Target of
rapamycin inhibitors (TOR-I; sirolimus and everolimus) for primary
immunosuppression in kidney transplant recipients. Cochrane Database Syst. Rev. 2),
Cd004290. doi: 10.1002/14651858.CD004290.pub2

Wiet, M. G., Piscioneri, A., Khan, S. N., Ballinger, M. N., Hoyland, J. A., and
Purmessur, D. (2017). Mast Cell-Intervertebral disc cell interactions regulate
inflammation, catabolism and angiogenesis in Discogenic Back Pain. Sci. Rep. 7 (1),
12492. doi: 10.1038/s41598-017-12666-2

Wu, R, Huang, L, Xia, Q., Liu, Z, Huang, Y., Jiang, Y., et al. (2023). Injectable
mesoporous bioactive glass/sodium alginate hydrogel loaded with melatonin for
intervertebral disc regeneration. Mater Today Bio 22, 100731. doi: 10.1016/
j.mtbio.2023.100731

Wu, P. H,, Kim, H. S,, and Jang, L. T. (2020). Intervertebral disc diseases PART 2: A
review of the current diagnostic and treatment strategies for intervertebral disc disease.
Int. J. Mol. Sci. 21 (6), 2135. doi: 10.3390/ijms21062135

Wu, Y., Shen, S., Shi, Y., Tian, N., Zhou, Y., and Zhang, X. (2022). Senolytics:
eliminating senescent cells and alleviating intervertebral disc degeneration. Front.
Bioeng Biotechnol. 10. doi: 10.3389/fbioe.2022.823945

Wu, X,, and Sun, W. (2021). Extracellular vesicles derived from stem cells in
intervertebral disc degeneration. Front. Cell Dev. Biol. 9. doi: 10.3389/fcell.2021.793363

Wuertz, K, Godburn, K., Neidlinger-Wilke, C., Urban, J,, and Iatridis, J. C. (2008).
Behavior of mesenchymal stem cells in the chemical microenvironment of the intervertebral
disc. Spine (Phila Pa 1976) 33 (17), 1843-1849. doi: 10.1097/BRS.0b013e31817b8f53

Wouertz, K., and Haglund, L. (2013). Inflammatory mediators in intervertebral disk
degeneration and discogenic pain. Global Spine J. 3 (3), 175-184. doi: 10.1055/5-0033-
1347299

Wouertz, K., Quero, L., Sekiguchi, M., Klawitter, M., Nerlich, A., Konno, S., et al.
(2011). The red wine polyphenol resveratrol shows promising potential for the
treatment of nucleus pulposus-mediated pain in vitro and in vivo. Spine (Phila Pa
1976) 36 (21), E1373-E1384. doi: 10.1097/BRS.0b013¢318221e655

Xia, C., Zeng, Z., Fang, B, Tao, M., Gu, C., Zheng, L, et al. (2019). Mesenchymal
stem cell-derived exosomes ameliorate intervertebral disc degeneration via anti-oxidant
and anti-inflammatory effects. Free Radic. Biol. Med. 143, 1-15. doi: 10.1016/
j.freeradbiomed.2019.07.026

Xing, H., Zhang, Z., Mao, Q., Wang, C., Zhou, Y., Zhou, X,, et al. (2021). Injectable
exosome-functionalized extracellular matrix hydrogel for metabolism balance and
pyroptosis regulation in intervertebral disc degeneration. J. Nanobiotechnology 19
(1), 264. doi: 10.1186/s12951-021-00991-5

Xu, L., Botchway, B. O. A., Zhang, S., Zhou, J., and Liu, X. (2018). Inhibition of NF-
KB signaling pathway by resveratrol improves spinal cord injury. Front. Neurosci. 12.
doi: 10.3389/fnins.2018.00690

Xu, W. N,, Yang, R. Z,, Zheng, H. L., Yu, W, Zheng, X. F,, Li, B,, et al. (2019). PGC-
Lo acts as an mediator of Sirtuin2 to protect annulus fibrosus from apoptosis induced
by oxidative stress through restraining mitophagy. Int. J. Biol. Macromol 136, 1007—
1017. doi: 10.1016/j.ijbiomac.2019.06.163

Yamada, K., Iwasaki, N., and Sudo, H. (2022). Biomaterials and cell-based
regenerative therapies for intervertebral disc degeneration with a focus on biological
and biomechanical functional repair: targeting treatments for disc herniation. Cells 11
(4), 602. doi: 10.3390/cells11040602

Yang, F., Liu, W,, Huang, Y., Yang, S., Shao, Z., Cai, X,, et al. (2022a). Regulated cell
death: Implications for intervertebral disc degeneration and therapy. J. Orthop Translat
37, 163-172. doi: 10.1016/j.j0t.2022.10.009

Yang, Y., Liu, Y., Wang, Y., Chao, Y., Zhang, J., Jia, Y., et al. (2022b). Regulation of SIRT1
and its roles in inflammation. Front. Immunol. 13. doi: 10.3389/fimmu.2022.831168

Yang, M., Peng, Y., Liu, W., Zhou, M., Meng, Q., and Yuan, C. (2019). Sirtuin 2
expression suppresses oxidative stress and senescence of nucleus pulposus cells through
inhibition of the p53/p21 pathway. Biochem. Biophys. Res. Commun. 513 (3), 616-622.
doi: 10.1016/j.bbrc.2019.03.200

Yang, S., Zhang, F., Ma, J,, and Ding, W. (2020). Intervertebral disc ageing and
degeneration: The antiapoptotic effect of oestrogen. Ageing Res. Rev. 57, 100978.
doi: 10.1016/j.arr.2019.100978

Yang, S., Zhang, Y., Peng, Q., Meng, B., Wang, J., Sun, H., et al. (2023). Regulating
pyroptosis by mesenchymal stem cells and extracellular vesicles: A promising strategy
to alleviate intervertebral disc degeneration. BioMed. Pharmacother. 170, 116001.
doi: 10.1016/j.biopha.2023.116001

Yi, W, Wen, Y., Tan, F, Liu, X,, Lan, H, Ye, H,, et al. (2019). Impact of NF-xB
pathway on the apoptosis-inflammation-autophagy crosstalk in human degenerative
nucleus pulposus cells. Aging (Albany NY) 11 (17), 7294-7306. doi: 10.18632/
aging.102266

Yin, B, Ni, J., Witherel, C. E., Yang, M., Burdick, J. A., Wen, C, et al. (2022).
Harnessing tissue-derived extracellular vesicles for osteoarthritis theranostics.
Theranostics 12 (1), 207-231. doi: 10.7150/thno.62708

Zhang, A., Cheng, Z., Chen, Y., Shi, P., Gan, W., and Zhang, Y. (2023). Emerging
tissue engineering strategies for annulus fibrosus therapy. Acta Biomater. 167, 1-15.
doi: 10.1016/j.actbio.2023.06.012

Zhang, G. Z.,, Deng, Y. ], Xie, Q. Q,, Ren, E. H,, Ma, Z. ], He, X. G,, et al. (2020).
Sirtuins and intervertebral disc degeneration: Roles in inflammation, oxidative stress,

frontiersin.org


https://doi.org/10.1016/j.matbio.2018.02.025
https://doi.org/10.1007/s11547-022-01500-w
https://doi.org/10.1016/j.redox.2018.09.006
https://doi.org/10.1016/s0140-6736(00)05109-6
https://doi.org/10.1097/01.brs.0000146049.52152.da
https://doi.org/10.1016/j.arr.2022.101733
https://doi.org/10.1053/joca.1998.0207
https://doi.org/10.3389/fbioe.2020.00745
https://doi.org/10.1021/acsnano.2c06328
https://doi.org/10.1016/j.jconrel.2018.08.019
https://doi.org/10.1016/j.apsb.2023.02.018
https://doi.org/10.3390/biom11091279
https://doi.org/10.1016/0040-8166(82)90033-7
https://doi.org/10.1186/ar629
https://doi.org/10.2106/jbjs.20.02141
https://doi.org/10.1155/2019/2376172
https://doi.org/10.1371/journal.pone.0144497
https://doi.org/10.1371/journal.pone.0144497
https://doi.org/10.1038/s41580-022-00460-3
https://doi.org/10.1111/cpr.13448
https://doi.org/10.1016/j.lfs.2020.118891
https://doi.org/10.1007/s10237-018-1104-x
https://doi.org/10.1007/s10237-018-1104-x
https://doi.org/10.1016/j.arr.2019.100961
https://doi.org/10.1016/j.arr.2019.100961
https://doi.org/10.1016/j.arr.2017.08.001
https://doi.org/10.1016/j.arr.2017.08.001
https://doi.org/10.1002/14651858.CD004290.pub2
https://doi.org/10.1038/s41598-017-12666-z
https://doi.org/10.1016/j.mtbio.2023.100731
https://doi.org/10.1016/j.mtbio.2023.100731
https://doi.org/10.3390/ijms21062135
https://doi.org/10.3389/fbioe.2022.823945
https://doi.org/10.3389/fcell.2021.793363
https://doi.org/10.1097/BRS.0b013e31817b8f53
https://doi.org/10.1055/s-0033-1347299
https://doi.org/10.1055/s-0033-1347299
https://doi.org/10.1097/BRS.0b013e318221e655
https://doi.org/10.1016/j.freeradbiomed.2019.07.026
https://doi.org/10.1016/j.freeradbiomed.2019.07.026
https://doi.org/10.1186/s12951-021-00991-5
https://doi.org/10.3389/fnins.2018.00690
https://doi.org/10.1016/j.ijbiomac.2019.06.163
https://doi.org/10.3390/cells11040602
https://doi.org/10.1016/j.jot.2022.10.009
https://doi.org/10.3389/fimmu.2022.831168
https://doi.org/10.1016/j.bbrc.2019.03.200
https://doi.org/10.1016/j.arr.2019.100978
https://doi.org/10.1016/j.biopha.2023.116001
https://doi.org/10.18632/aging.102266
https://doi.org/10.18632/aging.102266
https://doi.org/10.7150/thno.62708
https://doi.org/10.1016/j.actbio.2023.06.012
https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.

and mitochondrial function. Clin. Chim. Acta 508, 33-42. doi: 10.1016/
j.cca.2020.04.016

Zhang, G. Z., Liu, M. Q., Chen, H. W., Wu, Z. L., Gao, Y. C,, Ma, Z. ], et al. (2021).
NF-«B signalling pathways in nucleus pulposus cell function and intervertebral disc
degeneration. Cell Prolif. 54 (7), e13057. doi: 10.1111/cpr.13057

Zhang, J., Liu, D., Gong, Q., Chen, J., and Wan, L. (2022). Intradiscal autologous
platelet-rich plasma injection for discogenic low back pain: A clinical trial. BioMed. Res.
Int. 2022, 9563693. doi: 10.1155/2022/9563693

Zhao, K., An, R,, Xiang, Q., Li, G., Wang, K, Song, Y., et al. (2021). Acid-sensing ion
channels regulate nucleus pulposus cell inflammation and pyroptosis via the NLRP3
inflammasome in intervertebral disc degeneration. Cell Prolif. 54 (1), e12941.
doi: 10.1111/cpr.12941

Zhou, H., Qian, Q., Chen, Q., Chen, T., Wu, C., Chen, L., et al. (2023). Enhanced
mitochondrial targeting and inhibition of pyroptosis with multifunctional

Frontiers in Cellular and Infection Microbiology

20

10.3389/fcimb.2024.1303645

metallopolyphenol nanoparticles in intervertebral disc degeneration. Small
(Weinheim an der Bergstrasse, Germany), €2308167. doi: 10.1002/smll.202308167

Zhu, J., Tang, H., Zhang, Z., Zhang, Y., Qiu, C., Zhang, L., et al. (2017). Kaempferol
slows intervertebral disc degeneration by modifying LPS-induced osteogenesis/
adipogenesis imbalance and inflammation response in BMSCs. Int.
Immunopharmacol. 43, 236-242. doi: 10.1016/j.intimp.2016.12.020

Zhu, Z., Yu, Q. Li, H, Han, F., Guo, Q., Sun, H., et al. (2023). Vanillin-based
functionalization strategy to construct multifunctional microspheres for treating
inflammation and regenerating intervertebral disc. Bioact. Mater. 28, 167-182.
doi: 10.1016/j.bioactmat.2023.05.005

Zuo, R, Wang, Y., Li, J., Wu, J., Wang, W., Li, B,, et al. (2019). Rapamycin induced
autophagy inhibits inflammation-mediated endplate degeneration by enhancing Nrf2/
Keapl signaling of cartilage endplate stem cells. Stem Cells 37 (6), 828-840.
doi: 10.1002/stem.2999

frontiersin.org


https://doi.org/10.1016/j.cca.2020.04.016
https://doi.org/10.1016/j.cca.2020.04.016
https://doi.org/10.1111/cpr.13057
https://doi.org/10.1155/2022/9563693
https://doi.org/10.1111/cpr.12941
https://doi.org/10.1002/smll.202308167
https://doi.org/10.1016/j.intimp.2016.12.020
https://doi.org/10.1016/j.bioactmat.2023.05.005
https://doi.org/10.1002/stem.2999
https://doi.org/10.3389/fcimb.2024.1303645
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yang et al.
Glossary
LBP low back pain
IVD intervertebral disc
IDD intervertebral disc degeneration
NP nucleus pulposus
TNF-o tumor necrosis factor-alpha
IL-1B interleukin-1 beta
IL-1o interleukin-1 alpha
NF-xB nuclear factor-kappa B
DDD degenerative disc disease
ECM extracellular matrix
HNP herniated nucleus pulposus
CONS coagulase-negative staphylococci
NLRP3 nod-like receptor protein 3
MRSA methicillin-resistant Staphylococcus aureus
mTOR mammalian target of rapamycin
CEP cartilage endplate
CEPCs cartilage endplate stem cells
AFSCs annulus fibrosus stem cells
RMDQ Roland-Morris Disability Questionnaire
CBD cannabidiol
EGCG epigallocatechin gallate
MMP1 matrix metalloproteinase-1
MMP3 matrix metalloproteinase-3
COX-2 cyclooxygenase-2
NGF nerve growth factor
AF annulus fibrosus
NO nitric oxide
PGE2 prostaglandin E2
TL-6 interleukin 6
iNOS inducible nitric oxide synthase
NSAIDs nonsteroidal anti-inflammatory medications
qPCR quantitative polymerase chain reaction
ODI Oswestry Disability Index
NAD+ nicotinamide adenine dinucleotide

FOXO3 OR FOXO3a

Forkhead box O3

ROS reactive oxygen species
Mn-SOD manganese superoxide dismutase
rhSIRT1 recombinant human SIRT1

(Continued)
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Continued
AGEs advanced glycation end products
NMN nicotinamide mononucleotide
ADP adenosine diphosphate
PLGA poly (lactic-co-glycolic).
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